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ABSTRACT
A series of experiments was conducted to determine the effect of increasing 
phytase coefficient of variation (CV) in chick diets, and to determine the effect of phytase 
addition on nutrient availability in diets for swine and poultry. The first experiment (EXP) 
simulated varying mix uniformity of phytase by alternately providing two diets with two 
different concentrations of microbial phytase (FTU). Increasing phytase CV had little 
effect on growth performance, whereas bone ash and breaking strength and Ca and P 
retention and excretion decreased only at the most extreme CV. These data suggest 
that a phytase CV of between 34 and 69% is adequate to support optimum chick 
performance. Seven EXP were conducted using slope ratio assays to determine the 
nutrient values that might be attributed to phytase addition to corn-soybean meal diets for 
chicks. For chicks, nutrient values of 26% for lysine, 25% for total sulfur amino acids, 
and 46,000 kcal of metabolizable energy per kilogram of phytase could be used for 
phytase providing 600 FTU with an inclusion rate of 0.1%. In an experiment conducted 
with pigs to determine the effect on growth performance of phytase addition to diets" 
deficient in amino acids, improvements in feed efficiency and lean gain and increased fat 
indicate possible increases in energy and amino acid availability with phytase addition. 
This result was supported by an EXP where reducing the concentration of dietary Ca and 
P, phytase addition, and the combination of the two treatments in corn-soybean meal 
diets for pigs increased apparent ileal digestibility of amino acids, DM, energy, and N. 
Similar digestibility EXP were conducted in chicks, broilers, and laying hens. While the 
effect of phytase on the individual amino acids varied, there was an overall tendency for 
improved amino acid digestibility with phytase addition in diets for chickens. Thus, 
phytase increased nutrient availability in diets for poultry and swine.
viii
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CHAPTER 1 
INTRODUCTION
Phytate is an anionic acid with strong anti-nutritional properties. It binds 
cations including Ca, Zn, Cu, Pb, Mn, Mg, Co, and Fe (Oberleas and Harland,
1996), and it is present in livestock feed ingredients in varying amounts. One of the 
best known anti-nutritional effects of phytate is that phytate P is considered 
unavailable for digestion and absorption by nonruminants (Nelson et al., 1968). 
Phytate also has been shown to inhibit activation or activity of digestive enzymes 
(Deshpande and Cheryan, 1984; Caldwell, 1992), to bind to protein (Okubo et al., 
1976), amino acids (Cosgrove, 1966), and carbohydrates (Thompson and Yoon, 
1984).
Phytase is an enzyme which is produced in very limited amounts by 
mammals, but it is produced by bacteria and yeasts. Microbial phytase has been 
shown to increase the bioavailability of phytate P (Nelson et al., 1968; Cromwell et 
al., 1991; Qian, et al., 1996), as well as other minerals (Biehl et al., 1995; Radcliffe 
et al., 1995), when added to diets for poultry and swine. Because of phytate's effect 
on dietary proteins and carbohydrates and on digestive proteins, phytase might also 
be expected to increase the availability of protein, amino acids, and energy.
Many phytase enzymes are denatured when subjected to the temperature 
and moisture of preconditioning required for pelleting (Jongbloed and Kemme,
1990) of livestock feeds. Consequently, a postpelleting liquid application is 
recommended (Coelho, 1996). However, some variation in the amount of phytase 
that is applied in this way can be expected.
Therefore, the objective of this research was to determine the effect of 
varying mix uniformity (simulated) of phytase on growth performance, mineral
1
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retention, and bone mineralization in chicks and the effect of phytase on amino acid 
and energy availability in diets for swine and poultry.
2
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CHAPTER 2 
REVIEW OF LITERATURE 
Phytate
Phytate, myo-inositol 1, 2, 3, 4, 5, 6-hexakis dihydrogen phosphate, is an 
anionic acid with strong anti-nutritional properties, and it is present in livestock feed 
ingredients in varying amounts (Table 2.1). The best known anti-nutritional effect of 
phytate is that phytate P is considered essentially unavailable for digestion and 
absorption by nonruminants (Nelson et al., 1967). This unavailability is accepted to 
the degree that the P requirement for poultry is described as nonphytate P (NRC,
1994). However, reports concerning the availability of phytate P by nonruminants 
are inconsistent. From a review of the reported data, Nelson (1967) suggested that 
a value of 2 to 8% was probably accurate for chickens, and recently Jongbloed et al. 
(1992) reported that 10% of the phytate P had been hydrolyzed by the terminal 
ileum in growing pigs. However, Leske and Coon (1999) reported that laying hens 
hydrolyzed 23% of the phytate P of corn and 26% of the phytate P of soybean meal, 
without the use of dietary phytase. In cattle, phytase from the microbes in the 
rumen and continued activity in the small intestine facilitates absorption of most of 
the phytate P (Sansinena, 1999).
Various factors may increase the utilization of phytate P in nonruminants. 
These include the presence of dietary (Nelson et al., 1968; Cromwell et al., 1991; 
Ravindran, et al., 1995) or intestinal (Maenz and Classen, 1998) phytases, dietary 
additions of 1, 25-dihydroxycholcalciferol (Biehl and Baker, 1997b; Carlos and 
Edwards, 1998), dietary Ca concentrations (Qian et al., 1997), addition of citric acid 
to the diet (Boling et al., 2000), and age (Leske and Coon, 1999) or physiological 
status (stage of growth or pregnancy) of the animal (Kemme et al., 1997a). These 
responses are not always consistent and some are more variable than others.
3
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TABLE 2.1. The concentration of phytate in common feed ingredients










Adapted from Ravindran et al. (1999a).
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Phytate will also bind the cations Ca, Zn, Cu, Mn, Mg, Co, and Fe (Oberieas 
and Harland, 1996). The binding of these minerals by phytate may contribute to 
deficiencies in humans (Erdman, 1979) and animals (Oberieas est al., 1962).
Because phytate is an anion, it will bind to protein by forming links with 
lysine, arginine, and histidine, the basic amino acids (AA) of the protein (Cosgrove, 
1966). Thus, phytate may affect the nutritional quality of feedsturffs by forming 
complexes with both dietary (Okubo et al., 1976; Hartman, 1979; Satterlee and 
Abdul-Kadir, 1983) and digestive proteins. Phytate has been shown to inhibit the 
activation of trypsinogen (Caldwell, 1992) and the activity of a-amylase (Sharma et 
al., 1978; Deshpande and Cheryan, 1984).
Phytate may further affect nutrition because, in addition to  its affect on 
minerals and proteins, phytate may influence energy availability. Not only does 
phytate affect the activity of a-amylase, but it has been shown to form insoluble 
complexes with carbohydrates (Thompson and Yoon, 1984).
Phytase 
Phytase and Minerals
Restrictions are being placed on the amount of P that cam be applied to land, 
which increases the cost and inconvenience of handling poultry and swine waste. 
Boland et al. (1998) reported that, depending on the amount of M volatilization, the 
amount of land required for manure application under a P application regulation was 
two to five times higher than for the traditional N application regulation. This, plus 
decreased cost of manufacturing phytase because of recent developments in 
recombinant technology, has increased interest in the effect of m icrobial phytase in 
nonruminant diets.
Addition of dietary phytase has been shown to increase the bioavailability of 
phytate P for chickens (Nelson et al., 1968; Swick and Ivey, 1990; Denbow et al.,
5
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1995), turkeys (Ravindran et al.,1995; Qian et al., 1996; Yi et al., 1996a), and swine 
(Cromwell et al., 1991; Jongbloed et al., 1992; Kemme et al., 1997b). The use of 
phytase in diet formulation reduces the amount of total P required in the diet and the 
amount in the excreta (Jongbloed et al., 1992; Cromwell et al., 1993; Komegay et 
al., 1997).
Phytate binds cations including the minerals; Ca, Zn, Cu, Mn, Mg, Co, and 
Fe (Oberieas and Harland, 1996). In addition to the effect on phytate P, reports also 
have shown increased Ca absorption with phytase addition to swine (Lei et al.,
1993; Mroz et al., 1994; Radcliffe et al., 1995) and poultry diets (Gordon and 
Roland, 1998; Um and Paik, 1999; Zhang et al., 2000). However, Kemme et al 
(1997a,b) reported that the response of phytase on Ca absorption decreased as 
body weight increased and was significant only in pigs weighing less than 40 kg. 
Carlos and Edwards (1998) reported no reduction in the Ca requirement of laying 
hens with phytase addition to the diet. Other cationic minerals that are reported to 
have increased utilization because of phytase activity include Zn, Mn (Biehl, 1995), 
and Fe (Stahl et al., 1999).
While phytase tends to affect Ca utilization, Ca also has been shown to 
affect the efficacy of phytase. The Ca:P ratio is probably the one factor that most 
effects the efficiency of phytase. It is well documented (Sebastian et al., 1996; Qian 
et al., 1997; Liu et al., 1998) that decreasing the Ca to total P ratio increases the 
effect of phytase on P utilization. Qian et al. (1997) discussed three factors that 
might be responsible for this effect. First, as previously discussed in this report, 
high levels of Ca in the diet decrease P utilization; second, excess Ca may bind to 
the phytase molecule, decreasing its solubility; and third, excess Ca may compete 
for active sites on the phytase enzyme itself. Other factors that may increase the 
efficacy of phytase in releasing P include additions of 1, 25-dihydroxycholcalciferol
6
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(Biehl and Baker, 1997b; Carlos and Edwards, 1998) and addition of citric acid to 
the diet (Boling et al., 2000). However, the results found with these factors are not 
as consistent as the effect of Ca:P ratio.
Phytase and Other Nutrients
Amino acids and energy are expensive components of the diet, and 
deficiencies of either will reduce growth and efficiency in swine and poultry. 
Therefore, increased availability of energy or AA as a result of phytase addition 
could have economic implications.
Protein and Amino Acids. Because of phytate's effect on dietary and 
digestive proteins, phytase might also be expected to increase the availability of 
protein. Recent reports concerning the effect of phytase on protein and AA 
digestibility in poultry and swine are summarized in Tables 2.2 and 2.3.
Results from the experiments (EXP) vary, which may be due to differences 
in ingredients (Biehl and Baker 1997a, Ravindran et al., 1999a), mineral 
concentrations (Nasi, 1990; Yi et al., 1996a), or age of the animal (Leske and Coon, 
1999; Azain et al., 2000). Because of its anionic properties, phytate will bind with 
AA and proteins at a pH that is below their isoelectric point. For example, phytate 
forms complexes with glycinin, the major protein globulin in soybean meal, at a pH 
(pH 2.5 to 5.0; Okubo et al., 1976) that is within the range (pH 6.1 to 3.3; Jongbloed 
et al., 1992) of duodenal digesta of swine during the 5 hours post feeding. Phytase 
from wheat has an activity peak at pH 5.2 and phytase from Apergillus niger has two 
peaks of 2.5 and 5.5 pH (Eeckhout, 1994).
Thus, phytase might be expected to increase the digestibility of soybean 
meal protein. Several digestibility EXP have been conducted with soybean meal as 
the individual ingredient tested (Biehl and Baker 1997a, Ravindran etal., 1999a; 
Traylor et al., 2000) or as part of a mixed diet (Yi et al., 1996a; O'Quinn et
7

















TABLE 2.2. Effect of phytase on ileal amino acid digestibility in poultry
Reference Bird FTU1 Effect on digestibility2 Diet/Feedstuff3 Comments
Yi et al. (1996a) Turkeys 750 0.8-2.3% T E M 1 Corn-soybean meald Interactions with CP and nP1
Sebastian et al. (1997) Broilers 600 T Arg, His, lie, Leu 9 
I  Met, Phe in c?
Corn-soybean meald Increase in some EM  in 9  
Numeric reduction of EM  in 6
Beihl and Baker (1997a) Roosters 600
1,200





Namkung and Leeson (1999) Broilers 1,150 2.1% T Avg E M Corn-soybean meald
Ravindran et al. (1999a) Broilers 1,200 3.1% t  of 15 M 4 Corn1
Broilers 1,200 6.3% Tof 15 M Sorghum1
Broilers 1,200 8.9% Tof 15 M Wheat1 Wheat, 340 FTU/kg phytase
Broilers 1,200 4.0% Tof 15 M Soybean meal1
Broilers 1,200 2.5% T of 15 M Canola meal'
Broilers 1,200 4.8% Tof 15 M Cottonseed meal1
Broilers 1,200 4.6% Tof 15M Sunflower meal1
Broilers 1,200 3.7% T of 15 M Wheat midds1 Wheat midds, 2,500 FTU/kg 
phytase
Broilers 1,200 7.7% Tof 15 M Rice polishings'
Zhang et al. (1999) Broilers 600 No effect Corn-soybean meald Low protein diets
'Abreviation guide FTU = phytase units, EAA = essential amino acids; CP = crude protein; nP = nonphytate P.
2lleal digestibilities unless otherwise noted.
3ln this column a superscript "d" indicates a commercial diet while a superscript "I" indicates testing of an individual ingredient. 

















TABLE 2.3. Effect of phytase on protein and amino acid digestibility in swine
CO
Reference FTU1 Effect on digestibility2 Diet/Feedstuff Comments
Mroz et al. (1996) 800 t  Met, Arg (ileal) 
t  CP, AA (total tract)1
Corn-tapioca-soybean meal N retention increased
O'Quinn et al. (1997) 300, 500 No effect on N (ileal or total 
tract)
Sorghum-soybean meal
Zhang et al. (1999) 250, 500 t  Gain in low protein diet 
t  Digestibility of most AA4
Low-protein plant Slaughter technique3
Radcliffeet al. (1999) 200, 500 t  CP and AA Corn-soybean meal
Azain et al. (2000) 600 t  total tract CP, 45-75 Kg pig 
No effect, 75-105 kg pig
Corn-soybean meal-cottonseed meal 20% cottonseed meal
Traylor et al. (2000) 500, 1,000, 
1,500
Cubic effect on apparent AA 
No effect on true
Dehulled-soybean meal4 Percentage CP digestibility5 
82.5, 83.4, 80.9, 82.2%
Radcliffe et al. (2000) 500 Avg t  of 1,47% in the 3 diets Corn-wheat-soybean meal 
Corn-wheat-cannola meal 
Corn-sorghum-soybean meal
Rice et al. (2000)
1 r - r i  I"
500 No effect Corn-soybean meal
Corn-soybean meal-wheat midds
Corn-soybean meal-meat and bone 
meal
2Effects are on ileal digestibility unless otherwise noted. 
3ln the slaughter technique pigs are euthanized and ileal contents collected, all other referenced experiments used 
cannulated pigs.
4Dehulled-soybean meal was tested using a semi-purified diet.
Apparent digestibility is listed for diets containing 0, 500,1,000, or 1,500 FTU of phytase.
al., 1997; Radcliffe et al., 1999) with varying results (Tables 2.2 and 2.3). Soybean 
meal has a high digestibility (NRC, 1998) and a low-phytate concentration compared 
to other protein sources (Table 2.1). Inherent digestibility of protein is correlated to 
phytate content (Satterlee and Abdul-Kadir, 1983; Ravindran et al., 1999a) and 
greater increases in protein digestibility may be seen in ingredients with lower 
inherent digestibility (Ravindran et al., 1999a). Cottonseed meal has one of the 
highest phytate contents of common feed ingredients. Several studies have been 
conducted to determine the effect of phytase on protein digestibility in diets 
containing cottonseed meal for chicks and swine. In these studies phytase 
increased protein or amino acid digestibility (Rojas and Scott, 1969; Ravindran et 
al., 1999; Azain et al., 2000).
Energy. Phytate has been shown to inhibit a-amylase activity (Deshpande 
and Cheryan, 1984) and to form Ca-phosphate-phytate complexes with 
carbohydrates (Thompson and Yoon, 1984). These properties of phytate suggest 
that adding phytase to nonruminant diets might increase energy availability. Recent 
reports concerning the effects of phytase on dry matter and energy availability in 
poultry and swine are summarized in Tables 2.4 and 2.5. In early reports (Rojas 
and Scott, 1969; Miles and Nelson, 1974) adding phytase to chick diets containing 
cottonseed or soybean meal improved metabolizable energy values to a greater 
extent for the cottonseed meal than for the soybean meal. However, the enzymes 
used in these studies were not pure and may have contained other enzymes that 
contributed to energy digestibility.
There are reports of increased amino acid or N digestibility with phytase 
addition (Y ie ta l., 1996a; Namkung and Leeson, 1999; Ravindran, 1999a). 
Therefore, some of the increased energy seen with phytase addition might be
10

















TABLE 2.4. Effect of phytase on dry matter and energy digestibility in diets for poultry
Reference FTU1 Effect on digestibility Diet/Feedstuff Comments
Yi et al. (1996a) 750 T ileal DM1 digestibility Corn-soybean meal
Biehl and Baker (1997a) No effect on TME„1 Dehulled-soybean meal Cecectomized roosters
Namkung and Leeson (1999) 1,150 T AMEn1 Corn-soybean meal
Ravindran et al. (1999a) 600 T of 5.3 and 4.5% of 
AME1
Low-AME and normal wheat
Ravindran et al. (2000) 400,800 T ileal AME Wheat-sorghum-soybean meal DM retention was increased
1FTU = phytase units, DM = dry matter; TMEn= N corrected true metabolizable energy; AMEn = N corrected apparent 

















TABLE 2.5. Effect of phytase on dry matter digestibility in diets for swine
Reference FTU1 Effect on digestibility2 Diet/Feedstuff Comments
Jongbloed et al. (1992) 1,500 No effect on DM digestibility "Typical" Dutch diet3
Mroz etal. (1994) 800 t  total tract DM digestibility Corn-tapioca-soybean
meal
Kemme et al. (1997a) 500 1 DM digestibility in diets fed to 
pigs, no effect for grow-finish 
swine or sows
Multiple energy and 
protein sources4
The decrease in DM 
digestibility in piglets was 
felt to be an aberrant 
observation
O'Quinn et al. (1997) 300,500 No effect on ileal or total tract 
DM digestibility
Sorghum-soybean meal
Azain et al. (2000) 500 T total tract DM, 45-75 Kg pig 




1FTU = phytase units, DM = dry matter. 
2The effect are on ileal digestibility unless otherwise noted. 
3The diet included soybean meal, tapioca, hominy feed, sunflower meal, and soybean oil, as protein and energy sources. 
4The diet included wheat midds (phytase inactivated) corn, tapioca meal, peas, potato protein, soybean meal, sunflowerseed 
meal, fat, and molasses as protein and energy sources,
attributable to energy provided by increased protein digestibility. Therefore, some 
researchers (Biehl and Baker, 1997a; Namkung and Leeson, 1999) have reported N 
corrected metabolizable energy values, however, results from these EXP are not 
consistant.
Minerals and Nutrient Digestibility
Mineral concentrations in diets for nonruminants have an effect on nutrient 
availability. Yi et al. (1996a) reported increased apparent and true ileal digestibilities 
of essential AA and N when dietary nonphytate P was decreased from 0.60 to 
0.45% in diets for poults. Nasi (1990) reported that apparent total tract digestibility 
of crude protein was greater in pigs fed diets without an inorganic P supplement. 
Atteh and Leeson (1984) reported increased formation of insoluble soaps between 
Ca and dietary fats as dietary Ca concentration was increased. In many of the 
reports on the effect of phytase on AA and energy, the mineral concentration of the 
diet has not been adjusted to account for the increase in mineral availability due to 
phytase supplementation. However, the outcome of the research conducted so far 
is variable regardless of whether mineral adjustments to the diet have been made or 
not.
Phytase and Mix Uniformity
Diets fed to broiler chickens are in pellet or crumble form because of the 
positive effects on rate (Reece et al., 1985; Plavnick et al., 1997) and efficiency of 
gain (McNaughton and Reece, 1984). Many phytase enzymes are denatured when 
subjected to the temperature and moisture of preconditioning required for pelleting 
(Jongbloed and Kemme, 1990). Consequently, a postpelleting liquid application is 
recommended when pelleting at temperatures above 70 C (Coelho, 1996).
However, some variation in the amount of phytase that is applied in this way can be 
expected. A mean coefficient of variation (CV) of 30% can be obtained using
13
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moderately priced equipment when phytase is applied under industry conditions (F. 
McKnight, BASF Corporation, Farmerville, LA 71241, personal communication). 
While a CV of 10% or less has become the accepted industry standard for mix 
uniformity of a complete diet, McCoy et al. (1994) showed maximum growth 
performance in broiler chicks with a complete diet CV of 12 to 23%, depending on 
the method of analysis. Traylor (1997) reported that nursery pigs required the 
complete feed to be mixed to a CV of at least 12% for maximum growth 
performance.
Conclusions
Phytase has been shown to increase the availability of P, as well as other 
minerals when added to diets for poultry and swine. Amino acids and energy are 
expensive components of the diet and deficiencies of either will reduce growth and 
efficiency in swine and poultry. Because of the effects of phytate on digestive and 
dietary proteins and carbohydrates, there is interest in how phytase might affect 
these nutrients. A limited amount of research has been conducted in this area, with 
mixed results. Many phytase enzymes are denatured when pelieted, and because 
of this, post-pellet liquid application is recommended. This type of application may 
lead to an increase in phytase mix uniformity. No research has shown the effect of 
this increased phytase mix uniformity on animal performance.
14
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CHAPTER 3 
THE EFFECT OF VARYING MIX UNIFORMITY (SIMULATED) OF PHYTASE ON 
GROWTH PERFORMANCE, MINERAL RETENTION, AND BONE 
MINERALIZATION IN CHICKS 
Introduction
Restrictions are being placed on the amount of P that can be applied to land, 
which increases the cost and inconvenience of handling poultry and other animal 
waste. Boland et al. (1998) reported that, depending on the amount of N 
volatilization, the amount of land required for manure application under a P 
application regulation was two to five times higher than for the traditional N 
application regulation. Addition of dietary phytase has been shown to increase the 
bioavailability of phytate P for chickens (Nelson et al., 1968; Swick and Ivey, 1990; 
Denbow et al., 1995), turkeys (Ravindran et al., 1995; Qian et al., 1996; Yi et al., 
1996a), and swine (Cromwell et al., 1991; Jongbloed et al., 1992; Kemme et al., 
1997a,b). The use of phytase in diet formulation reduces the amount o f total P 
required in the diet and the amount in the excreta (Jongbloed et al., 1992; Cromwell 
etal., 1993; Komegay et al., 1997).
Diets fed to broiler chickens are in pellet or crumble form because of the 
positive effects on rate (Reece et al., 1985; Plavnik et al., 1997) and efficiency of 
gain (McNaughton and Reece, 1984). Many phytase enzymes are denatured when 
subjected to the temperature and moisture of preconditioning required for pelleting 
(Jongbloed and Kemme, 1990). Consequently, a post-pellet liquid application is 
recommended when pelleting at temperatures above 70 C (Coelho, 1996).
However, some variation in the amount of phytase that is applied in this way can be 
expected. A mean coefficient of variation (CV) of 30% can be obtained using 
moderately priced equipment when phytase is applied under industry conditions
15
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(F. McKnight, BASF Corporation, Farmerville, LA 71241, personal communication). 
While a CV of 10% or less has become the accepted industry standard for mix 
uniformity of a complete diet, McCoy et al. (1994) showed maximum growth 
performance in broiler chicks with a complete diet CV of 12 to 23%, depending on 
the method of analysis. Traylor (1997) reported that nursery pigs required the 
complete feed to be mixed to a CV of at least 12% for maximum growth 
performance. Therefore, the objectives of this research were to simulate varying 
mix uniformity of phytase, and to determine its effect on growth performance, 
mineral retention, and bone mineralization in chicks.
Materials and Methods
The experiment (EXP) was approved by the University Animal Care and Use 
Committee. Three-hundred thirty six Cornish Rock male chicks were used in this 
EXP. From 0 to 4  d posthatching they were fed a com-soybean meal pretest diet 
similar to the nutritionally adequate [1% Ca, 0.45% available P (aP)] diet in Table
3.1 (NRC, 1994). The chicks were held overnight without feed and water and then 
weighed, wing-banded, and allotted to six (Treatment 1) or seven replicates 
(Treatments 2 to 7) of seven chicks per replicate in a completely randomized 
design. They were provided continuous light and were housed in thermostatically 
controlled starter batteries with ad libitum access to feed and water. Chicks had an 
average initial weight of 74.5 g and an average final weight of 803.3 g.
Ten diets were used to create the following seven treatments: 1) positive 
control (CON; Ca 1.0%, aP 0.45%), 2) negative control (NEG; Ca 0.9%, aP 0.35%), 
3) NEG + 600 FTU phytase daily (CV0), 4) NEG + 500 or 700 FTU (CV17), 5)
NEG+ 400 or 800 FTU (CV34), 6) NEG + 200 or 1,000 FTU (CV69), or 7) NEG + 0
16
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TABLE 3.1. Percentage composition of basal diets, as-fed basis
Ingredient_________________________1.0% Ca, 0.45% aP1 0.9% Ca.0.35% aP
Com 54.74 54.74
Soybean meal (48% CP) 35.73 35.73
Com oil 5.13 5.13
Monocalcium phosphate 1.56 1.08
Oyster shell flour 1.50 1.44
Salt 0.40 0.40
Vitamin premix2 0.25 0.25
Mineral premix3 0.25 0.25
DL-methionine 0.17 0.17
Choline premix4 0.07 0.07
Rice hulls or phytase5 0.20 0.20
Sand5 0.00 0.54
Calculated diet composition
Metabolizable energy, kcal/kg 3,200.00 3,200.00
Crude protein, % 21.73 21.73
Lysine, % 1.20 1.20
Methionine + cystine, % 0.86 0.86
Calcium, % 1.00 0.90
Total phosphorus, % 0.70 0.60
1aP = available phosphorus
2Provided the following per kilogram of diet: vitamin A, 4,500 IU; vitamin D3, 450 IU; 
vitamin E, 50 IU; menadione, 1.5 mg; d-pantothenic acid, 18.3 mg; pyridoxine, 6.4 
mg; riboflavin, 15 mg; thiamin, 13.4 mg; niacin, 50 mg; folic acid, 6 mg; d-biotin, 0.6 
mg; vitamin B12, 0.02 mg.
3Provided per kilogram of diet: Cu, 4 mg; I, 1.0 mg; Fe, 60 mg; Mn, 60 mg; Se, 0.1 
mg; Zn, 44 mg; Ca, 723 mg.
“Provided 500 mg choline per kilogram of diet.
5Phytase replaced rice hulls in diets with phytase, and sand was used to replace 
monocalcium phosphate and oyster shell flour in diets formulated to 0.9% Ca and 
0.35% aP.
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or 1,200 FTU feed in two feeders, which were switched daily at 1200 h. Both 
feeders provided to the pens of chicks receiving the CON, NEG, or CVO treatments 
contained the one appropriate diet for that treatment. Feeders provided to the pens 
of chicks receiving the CV17, CV34, or CV103 treatments contained one of the two 
diets that comprised the treatment, one feeder contained the low-phytase diet and 
one feeder contained the high-phytase diet. The low or high phytase diets were 
provided on alternate days, with feeders being switched every 24 h. For example, 
for the CV17 treatment, the feeder containing the NEG + 500 FTU of phytase was 
provided for the first 24 h of the EXP. The following day that feeder was removed 
and was replaced with the feeder containing 700 FTU of phytase. This procedure 
was repeated for the 18 d of the EXP to provide a phytase CV of 17%. A basal diet 
was prepared and divided into 10 parts. The 10 different diets were prepared by 
adding phytase, monocalcium phosphate, oyster shell flour, sand, or rice hulls to the 
basal diet. Dietary Ca and aP levels were attained by supplementing the basal diet 
with sand or oyster shell flour and monocalcium phosphate to provide 0 or 0.1% 
added Ca and aP, respectively. Microbial phytase (Natuphos 600®)1 replaced rice 
hulls in the diets with added phytase. The basal diets with ingredients added to 
make the 10 different diets were mixed in a Hobart Mixer2 in stainless steel bowls 
for 15 min.
One FTU of phytase activity is defined as the quantity of enzyme required to 
produce 1 pmnol/min of inorganic P from 5.1 mmol/L of sodium phytate at a pH of 5.5 
and a water bath temperature of 37 C. Diets were formulated such that all nutrients, 
other than Ca and aP met NRC (1994) requirements.
1BASF Corp., Mount Olive, NJ.
2Hobart Corp., Troy, OH.
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Average daily gain (ADG), average daily feed intake (ADFI), and feed 
efficiency were determined after the 18 d experimental period. On Day 10, all litter 
pans were cleaned and from Days 11 to 16 of the EXP, all excreta were collected 
and feed intake was recorded for the determination of Ca and P retention and 
excretion. Excreta were weighed, subsampled, lyophilized, weighed again, and 
ground to pass through a 1-mm sieve. Following a nitric acid wet digestion, feed 
and excreta samples were analyzed for Ca and P content by inductively coupled 
plasma emission spectrophotometry3. Percentage retention and excretion of Ca 
and P were determined.
At the termination of the EXP, all chicks were killed using C 0 2 gas 
asphyxiation, and right and left tibiae were removed and immediately cleaned of 
adherent tissue. The right tibiae were collected on an individual chick basis and 
fresh bones were used for the analysis of tibia breaking strength using an Instron® 
Universal Testing Machine4 with a load cell capacity of 500 kg, a speed of 30 
mm/min, and a bridge width o f 425 mm. The left tibiae were cleaned of cartilage, 
pooled by pen, dried, extracted of fat (Soxhlet), and redried. Dry, fat-free tibiae 
were then weighed, ashed, and residual weights taken to determine percentage 
ash.
Statistical Analysis
Data were analyzed by ANOVA procedures using single degree of freedom 
contrasts. Contrasts used included: CON vs. NEG; CON vs. CVO; NEG vs. CVO; 
and CVO vs CV103. The shape of the response curve of the diets with added 
phytase was characterized by linear and quadratic polynomial regression using
3Model Optima 3000, Perkin Elmer, Norwalk, CT.
4Model 4301, Instron Corporation, Canton, MA.
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coefficients for unevenly spaced treatments. The pen of chicks was the 
experimental unit for all analyses.
Results 
Growth Performance
Chicks fed the CON or the CVO treatments had similar (P >0.15) ADG and 
ADFI (Table 3.2), but ADG and ADFI were decreased (P < 0.01) in chicks fed the 
NEG treatment relative to those fed the CON or CVO treatments. Efficiency of gain 
was not affected (P >0.15) by treatment. Average daily gain tended to decrease 
(CV linear, P < 0.09) as phytase CV increased; however, the CV103 treatment did 
not differ (P > 0.15) from the CVO treatment. Feed intake was not affected (P > 
0.15) by increasing CV.
Ca and P Retention and Excretion
Calcium retention, as a percentage of Ca intake, was higher in the chicks fed 
the CVO treatment than in the chicks fed the CON treatment (P < 0.07) containing 
adequate Ca, but the CVO treatment was not different from chicks fed the reduced 
Ca, NEG treatment (P > 0.15). Phosphorus retention, as a percentage of P intake, 
was higher in the chicks fed the NEG treatment (CON vs. NEG, P < 0.08) or the 
CVO treatment (CON vs. CVO, P < 0.01) than for chicks fed the CON treatment. 
Calcium (P < 0.08) and P (P < 0.07) retention decreased linearly as CV increased. 
However, the CV103 treatment was not (P >0.15) different from the CVO treatment 
for Ca retention, whereas P retention tended to be higher (P = 0.13) in chicks fed 
the CVO treatment than in those fed the CV103 treatment. Calcium and P 
excretions, as percentages of intake, data are shown in Table 3.2. These data are 
just the opposite of the retention data and therefore, the significant effects are the 
same as for the retention data.
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TABLE 3.2. Effect of phytase fed at different coefficients of variance on growth performance, mineral retention, and 
__________________________________ bone breaking strength of chicks1__________________________________




Contrasts2, P > F 
CON NEG CVO
w c w c  w c
CVO CVO CV103 Linear
ADG, g/d4 41.47 36.95 41.56 41.72 40.95 40.74 40.16 0.69 0.01 NS5 0.01 NS 0.09
ADFI, g/d4 59.46 52.12 59.57 58.98 57.31 58.92 57.57 0.88 0.01 NS 0.01 0.12 NS
Gain:feed 0.698 0.709 0,698 0.708 0.714 0.691 0.698 0.008 NS NS NS NS NS
Ca retained, %6 53.45 56.01 60.34 58.92 59.41 54.53 55.62 2.44 NS 0.07 NS NS 0.08
P retained, %6 51.08 57.63 62,21 60.09 61.68 56.49 57.11 2.40 0.08 0.01 NS 0.13 0.07
Ca excretion, %6 46.55 43.99 39.66 41.08 40.59 45.47 44.38 2.44 NS 0.07 NS NS 0.08
P excretion, %6 48.92 42.37 37.79 39.91 38.32 43.51 42.89 2.40 0.08 0.01 NS 0.13 0.07
Bone strength, kg 3.79 2.33 3.57 3.60 3.38 3.47 3.10 0.11 0.01 NS 0.01 0.01 0.01
Bone ash, %7 55.25 50.75 54.06 53.83 53.48 53.14 52.63 0.34 0.01 0.02 0.01 0.01 0.01
’Data are the means of six or seven replications of seven chicks each. Average initial and final weights were 74.5 and 803.3 g. 
The experimental period was 18 d.
treatm ents with increasing phytase CV were analyzed for linear and quadratic effects using orthogonal contrasts for unevenly 
spaced treatments. There were no significant quadratic effects.
3Ten diets were used to create the following seven treatments: 1) positive control (CON; Ca 1.0%, aP 0.45%), 2) negative control 
(NEG; Ca 0.9%, aP 0.35%), 3) NEG + 600 FTU phytase daily (CVO), 4) NEG + 500 or 700 FTU (CV17), 5) NEG + 400 or 800 FTU 
(CV34), 6) NEG + 200 or 1000 FTU (CV69), or 7) NEG + 0 or 1200 FTU (CV103). All treatments had feed in two feeders, which 
were switched daily.
4ADG = average daily gain. ADFI = average daily feed intake.
Contrasts were not significantly different (P = 0,15).
6Calcium and P retention and excretion were determined as a percentage of intake using calculated values for dietary Ca and P. 
7Bones were dried at 110°C and fat was removed using ether extraction.
Bone Characteristics
Bone breaking strength (P > 0.15) was similar among chicks fed the CON or 
CVO treatments, but it was reduced in bones of chicks fed the NEG (P < 0.01) 
treatment relative to those fed CON or CVO. Bone breaking strength decreased 
linearly (P < 0.01) as phytase CV increased, and it was lower (P < 0.01) in the 
CV103 treatment compared with the CVO treatment. Bone ash percentage was 
reduced in the NEG (P < 0.01) and the CVO (P < 0.02) treatments relative to the 
CON treatment, but the CVO treatment had greater bone ash than the NEG (P < 
0.01) treatment. Bone ash decreased linearly (P < 0.01) as phytase CV increased, 
and bone ash was lower (P < 0.01) in the CV103 treatment than in the CVO 
treatment.
Discussion
Diets deficient in aP are associated with decreased weight gain (Cromwell et 
al., 1991; Potter et al., 1995) and feed intake (Denbow et al., 1995). Increasing the 
availability of phytate P by dietary addition of the enzyme phytase (Lei et al., 1993; 
Denbow et al., 1995) reverses this response. In this EXP, ADG and ADFI followed 
expected patterns as both responses decreased in the treatment with reduced aP 
(NEG). Supplying 600 FTU of phytase daily (CVO) returned gain and feed intake to 
that of the treatment adequate in Ca and aP (CON). Feed efficiency was not 
affected by decreasing dietary Ca and aP or by phytase addition. This is in 
agreement with previous reports (Lei et al., 1993; Denbow et al., 1995; O’Quinn et 
al., 1997), but it is in contrast to others (Cromwell et al., 1991; Saylor et al., 1991; 
Young et al., 1993) who showed an improved feed efficiency with phytase addition.
There has been little research conducted to determine the effect of diet mix 
uniformity on animal growth performance. McCoy et al. (1994) reported that a mix
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CV as high as 23% in a complete diet was adequate in broiler chicks to support 
optimal growth performance. In our EXP, gain tended to decrease as phytase CV 
increased, but the CVO and CV103 treatments were not different. Feed intake, 
however, tended to be lower for the CV103 treatment than for the CVO treatment.
Ca and P Retention and Excretion
Calcium retention, as a percentage of Ca intake, was higher in chicks fed the 
CVO treatment than in chicks fed the CON treatment. However, Ca retention in the 
CVO treatment was not different from the reduced-Ca, NEG treatment. In fact, Ca 
retention of the NEG treatment was numerically higher than in the CON treatment. 
This response would be expected as Ca absorption is inversely related to Ca intake 
(Allen and Wood, 1994), and Ca absorption increases with phytase addition (Lei et 
al., 1993; Mroz et al., 1994; Radcliffe et al., 1995). Calcium retention decreased 
linearly as phytase CV increased, but the CV103 treatment was not different from 
the CVO treatment. Calcium excretion is just the opposite of Ca retention; thus Ca 
excretion was higher in chicks fed the CON treatment than in chicks fed the CVO 
treatment, and excretion increased linearly as phytase CV increased.
Phosphorus retention, as a percentage of P intake, was higher in chicks fed 
the NEG and CVO treatments than in chicks fed the CON treatment. Under 
conditions of low dietary P intake, homeostasis mechanisms of the body increase 
absorption and retention of P causing the higher retention in the NEG treatment 
compared to the CON treatment (Allen and Wood, 1994). The increased retention 
in the CVO treatment compared to the CON treatment occurs because phytase 
addition allows the use of lower total dietary P levels, and because it increases 
retention of phytate P that is in the diet. Our data are consistent with these 
responses, in that chicks fed the CVO treatment had higher P retention than the
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CON treatment. In the present EXP, P retention decreased as phytase CV 
increased, resulting in P retention in the CV103 treatment that tended to be lower 
than the CVO treatment. Phosphorus excretion has been shown to decrease when 
phytase is added to poultry diets (Komegay et al., 1997). Phosphorus excretion in 
the CON treatment was higher than excretion in either the NEG or CVO treatments. 
Phosphorus excretion increased linearly as phytase CV increased, and P excretion 
tended to be higher from chicks fed the CV103 than in those fed the CVO treatment. 
Also, Ca and P retention were numerically lower, and Ca and P excretion were 
numerically higher for the CV69 treatment than for the CV103 treatment.
Bone response criteria also followed expected patterns; bone breaking 
strength decreased when aP in the diet was decreased, but increasing the aP by the 
addition of 600 FTU of phytase daily returned bone breaking strength to equal that 
of the CON diet. These responses are in agreement with other research (Denbow 
et al., 1995; O’Quinn et al., 1997). Bone breaking strength decreased linearly as CV 
increased, resulting in a lower breaking strength for the CV103 treatment compared 
with the CVO treatment. Traylor (1997) reported no differences in growth 
performance or bone breaking strength in finishing barrows when decreased mix 
time of a complete diet increased CV percentage to 53%. However, Traylor also 
reported improved ADG, ADFI, and gainrfeed in nursery pigs when mix uniformity 
increased, suggesting that the smaller pig was more sensitive to increased diet CV 
percentage.
Bone ash percentage was reduced in the NEG and the CVO treatments 
relative to the CON treatment, but the CVO treatment had greater bone ash than the 
NEG treatment. Bone ash decreased linearly as phytase CV increased, resulting in 
lower bone ash from the CV103 treatment than for the CVO treatment. In a review
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of the utilization of phytate P, Nelson (1967) stated that bone ash was one of the 
most sensitive criteria for evaluation of dietary P utilization. Our data agree with 
Nelson in that bone breaking strength and bone ash percentage were the only 
response criteria sensitive enough to show a difference between the CVO and 
CV103 treatments.
Increasing simulated CV linearly decreased gain, bone breaking strength 
and ash, Ca and P retention, and increased P excretion. However, only in the bone 
criteria was there a significant difference between the treatment with 600 FTU daily 
and the treatment with 0 FTU one day and 1,200 FTU the following day (CVO and 
CV103 treatments). This was probably a result of the tendency for P retention to 
decrease in the CV103 treatment.
A statistical analysis was conducted that compared the CVO treatment with 
each of the other CV treatments for each response variable (Table 3.3). For each 
response variable, the CV that differed significantly from the CVO treatment is 
shown. The response criteria of ADG, gaimfeed, and bone breaking strength were 
not significantly lower than the CVO treatment until the CV103 treatment was 
reached. Calcium and P retention and bone ash were significantly lower for the 
CV69 treatment. However, Ca retention increased from the CV69 to the CV103 
treatments so that the CV103 treatment was not lower than the CVO treatment. 
Average daily feed intake was lower for the CV34 treatment; however, several 
factors may be involved in feed intake, and it increased again for the CV69 
treatment. In this EXP, increasing phytase mix CV was simulated by providing two 
dietary concentrations of phytase for each treatment. The two phytase 
concentrations were alternated daily. This is not exactly the condition that would be 
present in an industry situation, where feed with phytase concentrations ranging
25
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TABLE 3.3. Phytase CV where response criteria is significantly different1 than
from the CVO treatment
Criteria CV P >  F SEM
ADG, g/d 103 0.16 0.69
ADFI, g/d 34 0.08 0.88
Gain:feed 103 0.15 0.008
Ca retention, %2 69 0.08 2.44
P retention, %2 69 0.08 2.40
Bone strength 103 0.01 0.11
Bone ash
In : : i _
69 0.08 0.34
1Using single degree of freedom comparisons.
2Calcium and P retention was determined as a percentage of intake using 
calculated values for dietary Ca and P.
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from low to high would be available at all times. For example, if a feed was 
prepared that had a phytase mix CV of 17% and an intended phytase concentration 
of 600 FTU, a chick may have a meal with a phytase concentration of 500 FTU (or 
even 400 FTU), but 2 h later the same chick may have a meal with a phytase 
concentration of 700 FTU (or even 800 FTU). In this situation, based on this 
research, no change in growth performance or bone mineralization would be 
expected. Additionally, any variation in mix uniformity within each diet was not 
taken into account and would further increase the CV that was actually present in 
the treatment. Therefore, the simulation used presents more severe conditions than 
are present in an industry situation. Thus, this research technique can be used to 
evaluate the effects of increasing mix uniformity CV on chick performance. 
Considering the poorer response in Ca and P retention and bone ash from the CV69 
than the CVO treatment, a phytase CV between 34 and 69% will probably continue 
to support optimum chick performance while minimizing P excretion.
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CHAPTER 4 
THE EFFECT OF DIETARY PHYTASE ON NUTRIENT AVAILABILITY AND 
DIGESTIBILITY IN DIETS FOR CHICKS 
Introduction
Phytate is an anionic acid with strong anti-nutritional properties. It binds 
cations including Ca, Zn, Cu, Pb, Mn, Mg, Co, and Fe (Oberleas and Harland,
1996), and it is present in livestock feed ingredients in varying amounts. One of the 
best known anti-nutritional effects of phytate is that the associated P is unavailable 
for digestion and absorption by poultry (Nelson et al., 1968). However, phytate also 
has been shown to inhibit a-amylase activity (Deshpande and Cheryan, 1984) 
trypsinogen activation (Caldwell, 1992) to bind to dietary proteins and amino acids 
(AA; Cosgrove, 1966), and to form Ca-phosphate-phytate complexes with 
carbohydrate (Thompson and Yoon, 1984).
Dietary microbial phytase has been shown to increase the bioavailability of 
phytate P for poultry and swine (Nelson et al., 1968; Cromwell et al., 1991; Qian et 
al., 1996). Phytase addition also increases the availability of Ca (Radcliffe et al., 
1995), Zn, and Mn (Biehl et al., 1995).
Energy and AA are expensive components of the diet and deficiencies of 
either will reduce growth and efficiency in broilers. Therefore, a growth response 
due to increased availability of energy or AA as a result of phytase addition could 
have economic implications. Namkung and Leeson (1999) and Ravindran et al.
(1999a) reported that phytase increased energy availability in diets for chicks. Yi et 
al. (1996a), Sebastian et al. (1997), and Ravindran et al. (1999b) have all reported 
increased AA digestibility due to phytase addition to diets for poultry.
None of the aforementioned papers have, however, estimated the nutrient 
value, based on growth performance, that could be attributed to phytase addition.
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Therefore, we conducted a series of experiments (EXP) to directly use growth and 
feed efficiency to determine the percentages of Lys and total sulfur AA (TSAA) and 
the kcal per kg of metabolizable energy (ME) that could be attributed to phytase 
addition to com-soybean meal diets for chicks.
Materials and Methods 
General
All Experiments. The EXP were approved by the University Animal Care 
and Use Committee. Before the initiation of each EXP, chicks were fed a com- 
soybean meal diet adequate in all nutrients (NRC, 1994). The day before the 
initiation of the EXP, chicks were held overnight without feed and water. The 
following day, they were weighed, wing-banded, and allotted to treatments in a 
completely randomized design. During the EXP, chicks were provided continuous 
light and were housed in thermostatically controlled starter batteries with ad libitum 
access to feed and water.
In treatment diets (Table 4.1) with 200, 400 or 600 FTU added phytase 
(Natuphos 600®)1, Ca and available P (aP) were reduced by 0.033, 0.067 or 0.1%. 
One FTU of phytase activity is defined as the quantity of enzyme required to 
produce 1 /^mol/min of inorganic P from 5.1 mmol/L of sodium phytate at a pH of 5.5 
and a water bath temperature of 37 C. Sand replaced monocalcium phosphate and 
limestone in diets with reduced Ca and aP, and phytase replaced rice hulls in diets 
with added phytase. Amino acid concentrations were increased in the standard 
curve diets at the expense of cornstarch. Diets were adequate in all nutrients (NRC, 
1994) except as noted. At the end of each EXP, all chicks were weighed
1 BASF Corp., Mount Olive, NJ.
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TABLE 4.1. Percentage composition of basal diets, as-fed basis
Experiment
Ingredient 1 to 4 6 to 7
Com 67.97















































1Corn oil was added at 1, 2, or 3% of the diet in experiments (EXP) 6 and 7.
2With the exception of Diet 5 in EXP 1 and 2, monocalcium phosphate and 
limestone were reduced in the diets with added phytase and they were replaced 
with sand. In Diet 5 of EXP 1 and 2, phytase was added to the diet but Ca and 
available P were not reduced.
3 L-lysine*HCI replaced cornstarch in diets in the standard curve in EXP 1 to 4. 
4DL-methionine replaced cornstarch in diets in the standard curve in EXP 5. 
5Provided the following per kilogram of diet: vitamin A, 4,500 IU; vitamin D3, 450 IU; 
vitamin E, 50 IU; menadione, 1.5 mg; d-pantothenic acid, 18.3 mg; pyridoxine, 6.4 
mg; riboflavin, 15 mg; thiamin, 13.4 mg; niacin, 50 mg; folic acid, 6 mg; d-biotin, 0.6 
mg; vitamin B12, 0.02 mg.
6Provided per kilogram of diet: Cu, 4 mg; I, 1.0 mg; Fe, 60 mg; Mn, 60 mg; Se, 0.1 
mg; Zn, 44 mg; Ca, 723 mg.
7Provided 500 mg choline per kilogram of diet.
8Rice hulls were replaced by phytase in diets with added phytase.
9Chromic oxide was mixed with cornstarch and added to the diet to provide 0.05% 
chromic oxide as an indigestible marker.
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individually and pen feed intake was measured for calculation of average daily gain 
(ADG), average daily feed intake (ADFI), and gaimfeed (G:F).
Experiments 1 to 4
In each EXP, 210 Cornish x Plymouth Rock male chicks were allotted to 
seven treatments with six replications of five chicks each. The basal diet (Table 4.1) 
was formulated to 0.8% total Lys, 1.0% Ca, and 0.5% aP. The remaining essential 
AA were formulated to meet or exceed an ideal AA pattern (Baker, 1997) as if Lys 
were set at 0.90% of the diet. Diets with four total Lys concentrations (0.8, 0.8125, 
0.825, and 0.85%) and containing 1.0% Ca and 0.5% aP were used as the standard 
curve.
Experiments 1 and 2. These EXP were conducted to determine the effect 
of microbial phytase, and Ca and aP concentration, or both on the bioavailability of 
Lys in corn-soybean meal based-diets for chicks. Average initial and final BW were 
107 and 822 g, and 124 and 928 g in EXP 1 and 2, respectively, and the 
experimental periods were 7 to 26 and 8 to 27 d post-hatching. In addition to the 
standard curve, the treatments included three test diets: 1) 0.8% Lys, 0.9% Ca, and 
0.4% aP without phytase addition; 2) 0.8% Lys, 1.0% Ca, and 0.5% aP + phytase 
(600 FTU); 3) 0.8% Lys, 0.9% Ca, and 0.4% aP + phytase (600 FTU). Chromic 
oxide (0.05% of the diet) was used as an indigestible marker. At the termination of 
the EXP, chicks were killed by C 0 2 asphyxiation. Ileal contents were collected from 
chicks fed the basal diet and the three test diets (diets with 0.8% Lys). The distal 
ileal portion of the digestive tract was removed from each chick starting at the 
Meckel's diverticulum to 4 cm anterior to the ileal-cecal junction. Ileal contents were 
collected by gently flushing with distilled H20  as soon as possible, but no longer 
than 5 min after death. The digesta were immediately frozen using dry ice and
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acetone. Ileal contents were pooled by pen, stored at -20 C, and lyophilized in 
preparation for chemical analyses. Feed and ileal contents were analyzed for AA on 
an AA analyzer2 (Lys, lie, Leu, Phe, His, Arg, Val, and Thr) after acid hydrolysis 
(AOAC, 1990). Chromium concentrations were determined by atomic absorption 
spectrophotometry (Williams et al., 1962) to allow calculation of apparent ileal 
digestibility of AA. The right tibias were collected from chicks fed the basal diet and 
the three test diets. Fresh bones were used for the analysis of tibia breaking 
strength using an Instron® Universal Testing Machine3 with a load cell capacity of 
500 kg, a speed of 30 mm per min, and a bridge width of 425 mm.
Experiments 3 and 4. These EXP were conducted to determine the effect 
of increasing phytase concentrations on the bioavailability of Lys in com-soybean 
meal-based diets for chicks. Average initial and final BW were 50 and 513 g, and 91 
and 637 g in EXP 3 and 4, respectively, and the experimental periods were 3 to 22 
and 6 to 22 d post-hatching. The treatment diets were the Lys standard curve and 
increasing concentrations (200, 400, or 600 FTU) of microbial phytase. In addition 
to multiple linear regression analyses, the shape of the response curve of the diets 
with added phytase was characterized by linear and quadratic polynomial 
regression.
Experiment 5
This EXP was conducted to determine the effect of microbial phytase on the 
bioavailability o f TSAA in com-soybean meal-based diets for chicks. One hundred 
forty Comish x Plymouth Rock male chicks were allotted to four treatments with 
seven replications of five chicks each. Average initial and final BW were 70 and 258
2Beckman 6000 Series, Beckman Instruments, Inc., Palo Alto, CA.
3Model 4301, Instron Corp., Canton, MA.
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g, respectively, and the experimental period was 5 to 14 d post-hatching. The basal 
diet (Table 4.1) was formulated to 0.631% TSAA. The remaining essential AA were 
formulated to meet or exceed an ideal AA pattern (Baker, 1997) as if TSAA were set 
at 0.72% of the diet. Treatments were three TSAA concentrations (0.631, 0.656, or 
0.681%) as a standard curve in diets containing 1.0% Ca and 0.45% aP. Increased 
TSAA concentration was obtained by additions of DL-Met to the basal diet. The test 
diet contained 0.631 TSAA, 0.9% Ca, 0.35% aP, and 600 FTU of microbial phytase. 
Experiments 6 and 7
Two EXP were conducted to determine the effect of microbial phytase on 
ME in com-soybean meal diets for young chicks. In EXP 6, 120 Comish x Plymouth 
Rock male chicks were allotted to four treatments with six replicates of five chicks 
each. In EXP 7, 60 Cornish x Plymouth Rock male chicks were allotted to three 
treatments with four replications of five chicks each. Average initial and final BW 
were 88 and 319 g, and 72 and 603 g in EXP 6 and 7, respectively, and the 
experimental periods were 6 to 14 and 5 to 21 d post-hatching. Treatments in EXP 
6 were three ME concentrations (2,917, 2,972, 3,027 kcal per kg ME) as a standard 
curve. Increased ME was obtained by increasing the amount of corn oil in the diet. 
Diets in the standard curve contained 1.0% Ca and 0.45% aP. The test diet 
contained 2,917 kcal per kg of ME, 0.9% Ca, 0.35% aP, and 600 FTU of microbial 
phytase. In EXP 7, the second diet of the standard curve (2,972 kcal per kg ME) 
was omitted.
Calculations
in EXP 1 and 2, chromic oxide was added to the diets as an indigestible 
marker at a rate of 0.05%. Apparent ileal digestibility coefficients were determined 
using the following equation:
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ADaa — ( ( [ A A J d i e t  • [ C r ] d i e t )  ( [A A J d jg e s ta  ~ [C r J ^ ig e s t a ) )  X 100 
([AA]diet “ [Orjdiet)
where ADaa = percentage apparent digestibility o f individual amino acids; [AA]diet = 
amino acid concentration of the feed; [Cr]diet= the Cr concentration of the feed; 
[AA]digesta = amino acid concentration of the ileal digesta; and [Cr]digesta = the Cr 
concentration in the ileal digesta.
Estimates of nutrient bioavailability were determined in the following 
manner.
The multiple linear regression feature o f SAS as described by Littell et al. 
(1997) was used to determine the slope of the line of the test diets and the slope of 
the line of the standard curve diets. Relative bioavailability estimates were 
determined by the following equation:
RBV = (slopetest ^  slopestd) x 100
where RBV = relative bioavailability value; slopetest = the slope of the line of the test 
diet; and slopestd = the slope of the line of the standard curve.
The amount of nutrient provided by the test diet (kcal per kg for ME, percentage for 
AA) was determined by the following equation:
Nutrienttest = (RBV x Nutrient^,) -  Nutrient^,
where Nutrienttest= amount of nutrient provided by the test diet, N utrien t^ the 
concentration of the nutrient in the diet.
The percentage of Lys or Met, or the kcal of ME that could be included in a nutrient 
matrix for a phytase product providing 600 FTU (Natuphos 600®) with a 0.1 % 
inclusion rate in the diet was determined by the following equation:
NutrienteooFTu = (Nutrienttest 0.1) x 100
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where NutrientgooFru is the amount of nutrient provided by phytase, Nutrienttest is the 
amount of nutrient provided by the test diet, and 0.1 is the percentage concentration 
of phytase in the diet providing 600 FTU of phytase per kilogram of diet.
Statistical Analysis
Multiple linear regression (Littell et al., 1997) analyses of ADG regressed on 
intake of the test ingredient, or of G:F on dietary test ingredient concentration were 
conducted to obtain estimates of the value of phytase to improve nutrient 
availability. Growth performance of chicks fed the test treatments also was 
compared to the performance of the chicks fed the basal diet in the standard curve 
using single degree of freedom contrasts.
Results 
Experiments 1 and 2
Growth. Increasing the amount of dietary Lys increased ADG (linear, P < 
0.01) in both EXP (Table 4.2), and ADFI (P < 0.06) in EXP 2, but not in EXP 1. 
Gaimfeed also was increased in EXP 1 (linear, P < 0.01) and EXP 2 (linear, P < 
0.09) by increasing Lys concentrations. In EXP 1, reducing the Ca and aP in the 
diet (Diet 5) without the addition of phytase increased ADG (P < 0.01) and G:F (P < 
0.03), but there was no effect on feed intake (P > 0.15). However, in EXP 2, 
reducing the concentration of Ca and aP without the addition of phytase to the diet 
had no effect (P > 0.15) on ADG, ADFI, or G:F. In both EXP, phytase addition to the 
Ca and P adequate diet (Diet 6) increased (P < 0.06) ADG, but it had no effect (P > 
0.15) on G:F in EXP 1, but it increased G:F (P <0.10) in EXP 2. The addition of 
600 FTU of phytase, combined with the reduction of Ca and aP in the diet (Diet 7) 
by 0.1%, increased ADG (P < 0.01) and G:F (P < 0.07) in EXP 1 and tended (P = 
0.12) to increase ADG in EXP 2. Average daily feed intake was not affected in
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TABLE 4.2. The effect of phytase addition and(or) reduction in calcium and available phosphorus on growth 
____________ performance of broiler chicks fed lysine-deficient diets (Experiments 1 and 2)1'2____________
Phytase, FTU2 0 0 0 0 0 600 600
Lysine, % 0.8000 0.8125 0.8250 0.8500 0.8000 0.8000 0.8000 Contrasts, P > F
Ca/aP2 1.0/0.5 1.0/0.5 1.0/0.5 1.0/0.5 0.9/0.4 1.0/0.5 0.9/0.4 Lysine
Item Diet 1 2 3 4 5 6 7 SEM linear 1 vs 5 1 vs 6 1 vs 7
Exp 1 
ADG2, g 33.65 37.25 37.22 41.39 38.79 37.07 37.82 1.08 0.01 0.01 0.04 0.01
ADFI2, g 65.97 69.92 68.94 68.91 69.87 69.69 69.00 2,57 NS3 NS NS NS
G:F2 0.510 0.535 0.542 0.604 0.556 0.534 0.549 0.014 0.01 0.03 NS 0.07
Bone strength, kg 3.05 — — — 3.52 3.42 3.52 0.17 — 0.07 0.14 0.07
Exp 2 
ADG, g 39.69 43.54 43.85 44.63 40.53 42.42 41.94 0.99 0.01 NS 0.06 0.12
ADFI, g 62.91 66.34 66.79 66.91 63.07 63.93 64.12 1.24 0.06 NS NS NS
G:F 0.632 0.657 0.657 0.667 0.643 0.664 0.654 0.013 0.09 NS 0.10 NS
Bone strength, kg 1.87 — — — 1.94 2,00 2.07 0,09 — NS NS NS
In each experiment (EXP), male chicks were allotted to seven treatments with six replications of five chicks each. Average 
initial and final BW were 107 and 822 g, and 124 and 928 g in EXP 1 and 2, respectively, and the experimental periods were 7 to 
26 and 8 to 27 d post-hatching.
2 aP = available phosphorus, FTU = One FTU of phytase activity; ADG = average daily gain; ADFI = average daily feed intake; 
G:F = gaimfeed.
3Not significant, P  > 0.15.
either EXP by the combination of phytase addition or Ca and aP reduction (P > 
0.15), and G:F was not affected in EXP 2 (P > 0.15).
The average of both EXP and of the estimates (Table 4.3) from ADG and 
G:F indicate that phytase provided 21 % Lys in the diet containing 1.0% Ca and 
0.5% aP, and 23% Lys in the diet with 0.9% Ca and 0.4% aP. The diet containing 
0.9% Ca and 0.4% aP and with no phytase seemed to provide bioavailable Lys in 
EXP 1 but provided no bioavailable Lys in EXP 2. In the diet with 0.90% Ca, 0.4% 
aP, and 600 FTU phytase a nutrient matrix value of 23% Lys for phytase can be 
used when it is provided by a 0.1% dietary addition.
Bone. Bone breaking strength tended to be higher (P = 0.14) in bones from 
chicks fed the test diets (Table 4.2) compared to bones from the chicks fed the 
control diet in EXP 1. There was no significant effect of diet (P > 0.15) on bone 
breaking strength in EXP 2.
D igestib ility. Lysine digestibility was increased (P < 0.08) when Ca and aP 
reduction was combined with phytase addition in EXP 1 but not (P > 0.15) in EXP 2 
(Table 4.4). In EXP 1, Val digestibility was increased when phytase was added to 
the diet at either Ca and aP concentrations (P < 0.07), and Val digestibility tended 
(P = 0.14) to be increased when Ca and aP were reduced without phytase addition. 
However, Val digestibility was not affected (P >0.15) by diet in EXP 2. Isoleucine 
digestibility was decreased (P < 0.04) and Leu digestibility tended to be decreased 
(P = 0.14) when phytase was added to the diet adequate in Ca and aP in EXP 2. No 
other effects of treatment (P >0.15) were seen on apparent ileal AA digestibility in 
EXP 1 or 2.
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TABLE 4.3. Percentage of lysine in phytase providing 600 FTU at an inclusion 
___________________ rate of 0.1% (Experiments 1 and 2)1__________________
Phytase, FTU2 0 600 600
Ca/aP2 0.9 / 0.4 1 .0 /0 .5 0.9 / 0.4
Item EXP2 1 2 1 2 1 2
ADG2 47 0 -4 34 28 20
G:F2 27 5 14 39 22 23
Average 20 21 23
1aP = available phosphorus; FTU = One FTU of phytase act:vity;EXP = experiment. 
2Average daily gain (ADG) was regressed on Lys intake and gain:feed (G:F) was 
regressed on Lys concentration in the diet.
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TABLE 4.4. The effect of phytase addition and(or) reduction of dietary 
calcium and available phosphorus on apparent ileal digestibility (%) of amino 












Contrasts, P  > F
Amino acid Diet 1 5 6 7 1 vs 5 1 vs 6 1 vs 7
EXP 1
Lysine 86.57 87.97 87.63 89.94 1.20 NS3 NS 0.08
isoleucine 87.46 87.00 87.75 88.98 1.06 NS NS NS
Leucine 89.32 89.12 90.04 90.77 0.91 NS NS NS
Phenylalanine 83.28 83.16 84.09 85.31 1.04 NS NS NS
Histidine 80.26 78.78 80.25 80.77 1.89 NS NS NS
Arginine 91.71 91.63 92.51 93.21 0.81 NS NS NS
Valine 81.68 86.05 87.37 87.75 1.88 0.14 0.07 0.05
Threonine 78.26 77.08 78.82 80.05 1.57 NS NS NS
EXP 2
Lysine 93.42 92.19 91.72 92.20 1.46 NS NS NS
Isoleucine 91.06 90.18 88.92 89.83 0.57 NS 0.04 NS
Leucine 91.26 90.81 89.96 90.21 0.51 NS 0.14 NS
Phenylalanine 88.34 88.16 86.91 87.66 1.57 NS NS NS
Histidine 92.54 91.42 91.29 91.07 2.13 NS NS NS
Arginine 91.89 91.95 91.01 90.74 1.27 NS NS NS
Valine 88.58 88.02 86.88 87.71 0.77 NS NS NS
Threonine 84.48 83.96 82.62 83.56 1.11 NS NS NS
11leal contents were collected by gently flushing with distilled H20  as soon as 
possible, but no longer than 5 min after death.
2aP = available phosphorus; FTU = One FTU of phytase activity.
3Not significant, P > 0.15.
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Experiments 3 and 4
Increasing dietary Lys concentration had no effect (P >0.15) on ADG in EXP 
3 but increased (P < 0.09) G:F (Table 4.5). In EXP 4, increasing dietary Lys 
concentration increased both ADG and G:F (linear, P < 0.06). Increasing phytase 
FTU increased (P < 0.07) G:F linearly in EXP 3 but not in EXP 4 (P > 0.15).
In EXP 3, (Table 4.6) 200 FTU phytase added to the diet provided 42 and 
24% Lys; 400 FTU phytase provided 43 and 42% Lys; and 600 FTU phytase 
provided 51 and 63 % Lys based on G:F regressed on dietary Lys concentration, 
and ADG regressed on Lys intake, respectively. In EXP 4, 200 FTU phytase added 
to the diet provided 6 and -12%  Lys; 400 FTU phytase provided 30 and 22% Lys; 
and 600 FTU phytase provided 25 and 16% Lys, based on G:F regressed on dietary 
Lys concentration, and ADG regressed on Lys intake. The average of both EXP 
and of the estimates from gain and G:F with all phytase levels included indicated 
that phytase provided 0.029% Lys in the diet, or 29% Lys in the phytase 
preparation.
Experiment 5
Increasing dietary Met concentration increased (linear, P < 0.01) ADG and G:F 
(Table 4.7). The addition of 600 FTU of phytase had no effect on ADG or ADFI (P > 
0.15) but increased (P <0.10) G:F relative to the basal diet. Phytase (600 FTU) 
added to the diet provided the equivalent of 26 and 25% TSAA based on G:F 
regressed on dietary TSAA concentration and ADG regressed on TSAA intake, 
respectively. The average of the estimates from gain and G:F indicated that 
phytase provided 0.025% TSAA in the diet, or 25% TSAA in phytase (600 FTU per 
kilogram of feed; inclusion rate of 0.1%).
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TABLE 4.5. The effect of increasing phytase addition on growth performance of broiler chicks fed lysine-deficient




0 0 0 0 200 400 600 P> F





linear51 2 3 4 5 6 7
EXP 3
ADG, g 24.30 24.08 24.25 24.67 24.08 24.24 24.76 0.62 NS4 NS
ADFI, g 44.12 43.54 43.12 42.53 43.30 42.77 42.67 1.37 NS NS
G:F 0.551 0.554 0.564 0.582 0.558 0.568 0.582 0.013 0.09 0.07
EXP 4
ADG, g 31.05 32.84 32.85 32.79 31.30 32.04 31.95 0.51 0.06 NS
ADFI, g 64.08 66.23 64.95 64.48 64.15 64.34 63.89 0.77 NS NS
G:F 0.485 0.496 0.506 0.509 0.488 0.498 0.500 0.008 0.05 NS
’ in each experiment (EXP), male chicks were allotted to seven treatments with six replications of five chicks each. Average initial 
and final BW were 50 and 513 g, and 91 and 637 g in EXP 3 and 4, respectively; and the experimental periods were 3 to 22 and 6 
to 22 d post-hatching. Dietary Ca and aP concentrations were: 1.0, 9.67, 9.33, 9.00 % and 0.5, 0.467, 0.433, 0.4%, respectively, in 
the diets with 0, 200,400, and 600 FTU phytase.
2ADG = average daily gain; ADFI = average daily feed intake; G:F = gain: feed.
3 FTU = One FTU of phytase activity.
4Not significant, P = 0.15.
5Phytase linear (Diets 1, 5, 6, and 7).
TABLE 4.6. Percentage of lysine in phytase providing 600 FTU at an inclusion 
____________________rate of 0.1% (Experiments 3 and 4)_________________
FTU1 200 400 600
Item Exp 3 4 3 4 3 4
ADG2 24 -12 42 22 63 16
G:F2 42 6 43 30 51 25
Average 15 34 38
1FTU = One FTU of phytase activity.
2Average daily gain (ADG) was regressed on Lys intake and gain.feed (G:F) was 
regressed on Lys concentration in the diet.
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TABLE 4.7. The effect of phytase addition on growth performance of broiler 
____________ chicks fed TSAA-deficient diets (Experiment 5)1,2____________
Phytase, FTU2 0 0 0 600 P >  F
TSAA,% 0.631 0.656 0.681 0.631 TSAA
Diet 1 2 3 4 SEM linear 1 vs 4 TSAA,%3
ADG3, g 20.06 21.90 22.08 20.63 0.51 0.01 NS 25
ADFI3, g 30.33 33.27 32.69 31.26 0.68 NS NS —
G:F3 0.640 0.658 0.678 0.660 0.008 0.01 0.10 26
1Male chicks were allotted to five treatments with seven replications of five chicks 
each. Average initial and final BW were 70.4 and 257.5 g. The experimental period 
was 5 to 14 d post-hatching.
2FTU = One FTU of phytase activity, ADG = average daily gain; ADFI = average 
daily feed intake; G:F = gain: feed.
Percentage TSAA estimates for phytase. Average daily gain (ADG) was regressed 
on TSAA intake and gaimfeed (G:F) was regressed on TSAA concentration in the 
diet.
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Experiments 6 and 7
Average daily gain tended to be increased (Table 4.8) by increasing ME 
concentration in EXP 6 (linear, P  = 0.15) and EXP 7 (linear, P < 0.12). Increasing 
ME concentration had no effect (P > 0.15) on ADFI in EXP 1 or 2. In both EXP, G:F 
was increased (P < 0.05) as dietary ME was increased. In EXP 6, 600 FTU phytase 
per kilogram of feed provided the equivalent of 69 or 81 kcal ME per kg of feed 
based on G:F regressed on dietary ME concentration, o r ADG regressed on ME 
intake, respectively. In EXP 7, G:F and ADG resulted in the equivalent of 32 and 
0.4 kcal ME per kg, respectively. The average of both EXP and of the estimates 
from G:F and ADG indicate that 600 FTU phytase per kg of feed provided 46 kcal 
ME per kg of feed.
Discussion
Linear increases in ADG and G:F as the concentration of the test nutrient * 
increased in the EXP indicate that these response criteria could be used to 
determine availability of the test nutrient. There was no reduction in bone breaking 
strength, even when Ca and aP were reduced without phytase addition. The lack of 
response in bone breaking strength in the chicks fed the diets with decreased levels 
of Ca and aP is due to the Ca and aP intake of these chicks relative to their growth 
rate. These chicks were fed Lys-deficient diets, which resulted in decreased ADG 
and G:F. The decrease in G:F resulted in Ca and aP intakes of 0.66 and 0.33 g/d, 
respectively, for chicks fed Diet 1 in EXP 1, and 0.63 and 0.31g/d, respectively, for 
chicks fed Diet 1 in EXP 2 relative to average BW of 746 and 878 g. These values 
are well above the Ca (0.59 g/d) and aP (0.27 g/d) intake of chicks fed diets 
adequate in all nutrients (Johnston and Southern, 2000). The lack o f response of 
bone breaking strength when Ca and aP were reduced suggests that Ca and P
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TABLE 4.8. The effect of phytase addition on growth performance of broiler 
___________ chicks fed low energy diets (Experiments 6 and 7)1,2___________
Com oil, % 1 2 3 1+600 FTU2 ME
ME, kcal/kg 2,917 2,972 3,027 2,917 SEM linear 1 vs 4 ME, kcal/kq3
EXP 6
ADG, g 27.75 28.97 29.38 29.09 0.76 0.15 NS 68.9
ADFI, g2 37.41 38.46 37.31 37.98 0.56 NS NS —
G:F 0.742 0.752 0.787 0.766 0.014 0.04 NS 81.3
EXP 7
ADG, g 33.03 — 35.01 33.04 0.79 0.12 NS 32.2
ADFI, g 46.64 — 45.38 45.51 1.04 NS NS —
G:F 0.708 — 0.773 0.727 0.019 0.05 NS 0.4
1lln experiment (EXP) 6, 120 male chicks, were allotted to four treatments with six 
replicates of five chicks each. In EXP 7, 60 male chicks were allotted to three 
treatments with four replications of five chicks each. Average initial and final BW 
were 88 and 319 g, and 72 and 603 g in EXP 6 and 7, respectively, and the 
experimental periods were 6 to 14 and 5 to 21 d post-hatching.
2FTU = One FTU of phytase activity; ADFI = average daily feed intake. 
3Kilocalories of ME per kg of diet provided by phytase, average daily gain (ADG) 
was regressed on ME intake and gain:feed (G:F) was regressed on ME 
concentration in the diet.
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were adequate in all diets as bone breaking strength is considered to be a more 
sensitive measure of P availability than growth (Nelson, 1967). Therefore, any 
response to phytase addition should be the result of increased availability of the test 
ingredient rather than because of a phytase-associated increase in Ca and aP. 
Experiments 1 to 4
In EXP 1, phytase addition to Lys-deficient diets increased ADG at both Ca 
and aP concentrations. Sebastian et al. (1997) and Zhang et al. (1999) have 
reported increased ADG when phytase was added to diets. However in these 
reports, the increased ADG was attributed to a corresponding increase in ADFI. 
There were no significant effects on ADFI from phytase addition or Ca and aP 
reduction in any of the current EXP. Therefore, it is likely that the increase in ADG 
was a result of increased Lys availability in the diet due to phytase addition. When 
ADG was regressed on Lys intake, a value of 15% Lys could be attributed to 
phytase when Ca and aP were not reduced, whereas when Ca and aP were 
reduced, a value of 24% Lys could be attributed to phytase. Reduction of Ca and 
aP concentrations with no phytase addition also increased ADG in EXP 1, but not in 
EXP 2. Atteh and Leeson (1984) reported that increasing the Ca content of the diet 
caused increased formation of insoluble soaps between the Ca and dietary fatty 
acids. This may partially explain the increased ADG that was seen in EXP 1 when 
Ca and aP concentrations were reduced.
Gain:feed was increased in some instances but not in others when phytase 
was added, Ca and aP were reduced, or the two were combined in Lys deficient 
diets. Increasing concentrations of phytase in EXP 3 (0, 200, 400, 600 FTU) linearly 
increased G:F; however this response was not seen in EXP 4. Previous reports 
(Cromwell et al., 1991; Saylor et al., 1991; Young et al., 1993) have shown
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improved feed efficiency with phytase addition but other reports (Lei et al., 1993; 
Denbow et al., 1995; O’Quinn et al., 1997) showed no effect of phytase on G:F.
When G:F was regressed on dietary Lys concentration a value of 26% Lys 
could be attributed to phytase when Ca and aP were not reduced, whereas when 
Ca and aP were reduced, a value of 23% could be attributed to phytase. In the EXP 
with increasing concentrations of phytase, the average of both EXP and of the 
estimates from gain and G:F with all phytase levels included indicated that phytase 
provided 0.029% Lys in the diet, or 29% Lys in phytase. For EXP 1 to 4, if only the 
diet with reduced Ca and aP is considered for EXP 1 and 2, a Lys value of 26% can 
be used for phytase providing 600 FTU with a inclusion rate of 0.1%.
Apparent ileal digestibility of Lys was increased when phytase was added to 
the diet and Ca and aP were reduced in EXP 1. Valine digestibility was increased 
when phytase was added to the diet at both Ca and aP concentrations. Valine 
digestibility tended to be increased when Ca and aP were reduced without phytase 
addition in EXP 1. In EXP 2, lie and Leu digestibility were decreased when phytase 
was added to the diet without reducing Ca and aP. Yi et al. (1996a) showed 
increased AA digestibility when 750 FTU of phytase was added to diets for turkey 
poults. Ravindran et al. (1999a) also reported increased apparent ileal digestibility 
of AA when 1200 FTU phytase was added to diets for broilers. Sebastian et al.,
(1997) reported no differences in ileal Lys digestibility when 600 FTU was added to 
the diets, but they did find increased growth performance, independent of P and Ca 
concentration. This response seems to indicate a response to protein or energy. 
Experiment 5
Methionine or TSAA, is the first limiting AA in diets for chicks. Thus, 
increased utilization of TSAA by phytase addition could be of economic benefit.
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Gainrfeed was increased by phytase in diets deficient in Met. This response is in 
agreement with Biehl and Baker (1997a) who also reported increased G:F when 
phytase (1200 FTU) was added to diets deficient in Met. A  TSAA value of 25% 
could be used for phytase providing 600 FTU with an inclusion rate of 0.1%. 
Experiments 6 and 7
The current EXP indicated that 600 FTU phytase per kg of feed provided 46 
kcal ME per kg of feed. Namkung and Leeson (1999) reported that phytase addition 
increased nitrogen corrected apparent ME in chicks. Ravindran et al. (1999b) also 
reported increased apparent ME when phytase was added to wheat-based broiler 
diets.
The objective of these studies was to use growth, rather than ileal 
digestibility alone, to determine the nutrient values that might be attributed to 
phytase addition to com-soybean meal diets for chicks. Therefore, nutrient values 
that could be attributed to phytase using the slope ratio assay were calculated using 
all responses (when Ca and aP were reduced and phytase was added).
For chicks, nutrient values of 26% for Lysine, 25% for TSAA, and 46,000 
kcal ME/kg of phytase could be used for phytase providing 600 FTU with an 
inclusion rate of 0.1%.
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CHAPTER 5 
EFFECT OF PHYTASE ADDITION ON ILEAL AND TOTAL TRACT NUTRIENT 
DIGESTIBILITY AND GROWTH AND CARCASS TRAITS OF PIGS 
Introduction
Phytate Is an anionic compound with strong anti-nutritional effects, the best 
known is that phytate P is unavailable (Nelson et al., 1968). Amino acid (AA) 
availability o f a feedstuff also may be inversely related to the phytate concentration 
(Ravindran et al., 1999a). Phytate also has been shown to decrease the activity of 
digestive enzymes (Deshpande and Cheryan, 1984; Caldwell, 1992), bind to dietary 
proteins and AA, and form Ca-phosphate-phytate complexes with carbohydrate 
(Thompson and Yoon, 1984).
Phytase in the diet increases availability of phytate P for pigs (Cromwell et 
al., 1991; Jongbloed et al., 1992). Because of phytate’s effect on dietary and 
digestive proteins, phytase might also be expected to increase the availability of AA 
in feeds. Improved digestibility of dry matter (DM), crude protein (CP) (Mroz et al., 
1994) and AA (Radcliffe et al., 1999) has been reported with phytase addition to 
swine diets. However, other reports show no change in DM or N digestibility 
(Jongbloed et al., 1992; O’Quinn et al., 1997) with phytase addition.
Mineral concentrations in diets for nonruminants also have an effect on 
nutrient availability. Ileal digestibilities of essential AA and N were increased (Yi et 
al., 1996a) when dietary nonphytate P concentration was decreased from 0.60 to 
0.45% in diets for poults. Nasi (1990) reported that total tract digestibility of CP was 
greater in pigs receiving diets without an inorganic P supplement. Atteh and Leeson 
(1984) reported increased formation of insoluble soaps between Ca and dietary fats 
as dietary Ca was increased. Yi et al. (1996b) reported that the digestibility of DM
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and apparent absorption of N was decreased as the amount of available P was 
increased in diets for pigs.
Thus, the objectives of these EXP were to determine the effect of phytase on 
AA and energy utilization in pigs, and to determine if the reduction of dietary Ca and 
P, the addition of phytase, or the combination of these two treatments would 
increase nutrient digestibility in com-soybean meal (C-SBM) diets for pigs.
Materials and Methods 
General
The materials and methods used in these EXP were approved by the 
Louisiana State University Animal Care and Use Committee.
Experiment 1
One hundred fifty gilts (PIC commercial hybrid) with an average initial body 
weight (BW) of 20.1 kg were allotted to five dietary treatments with five replication’s 
of six pigs each in a completely randomized design. The feeding period was divided 
into four phases, with initial BW for the four periods being 20.1, 44.1, 68.4, and 86.8 
kg. Pigs were allowed to consume feed and water on an ad libitum basis and were 
housed in an open-sided finishing bam in 1.52- x 4.27-m pens with floors that were 
aluminum slats (1.52 x 2.44 m) and solid concrete (1.52 x 1.83 m). The 
experimental period lasted 106 d, and the average final BW was 107.2 kg.
Diet 1 was adequate in all nutrients (NRC, 1998) for gilts gaining 325 g of 
lean per day. The remaining four diets were formulated to provide 85% of the Lys 
concentration of Diet 1, which would allow a response surface for growth and 
carcass trait criteria to change due to dietary treatment. Diets (Table 5.1) were 
formulated on a true digestible AA basis using the digestibility coefficients of NRC
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TABLE 5.1. Experimental diets, finisher period 1, as fed-basis
__________________ (Experiment 1)1________________________
Ingredient________________ Diet 1____ Diet 2____ Diet 32 Diet 43 Diet 54 Diet 53
Com 72.307 76.962 78.819 78.819 77.625
SBM (47.5% CP) 23.576 18.871 18.381 18.381 18.484
Monocalcium phosphate 0.672 0.702 0.056 0.056 0.704
Limestone 0.800 0.822 0.850 0.850 0.824
Dry fat 1.637 1.635 0.886 0.886 1.355
Mineral premix5 0.100 0.100 0.100 0.100 0.100
Selenium premix6 0.050 0.050 0.050 0.050 0.050
Salt 0.400 0.400 0.400 0.400 0.400
Vitamins premix7 0.375 0.375 0.375 0.375 0.375
Phytase ----- ----- 0.083 ----- -----
Ricehulls 0.083 0.083 ----- 0.083 0.083
Calculated compostion 
ME, kcal/kg 3,400.00 3,400.00 3,400.00 3,387.00 3,400.00 3,387.00
Crude protein, % 17.20 15.35 15.57 15.27 15.52 15.22
Lysine, % 0.90 0.77 0.77 0.76 0.77 0.76
Threonine, % 0.65 0.57 0.57 0.57 0.57 0.57
Tryptophan, % 0.20 0.17 0.17 0.17 0.17 0.17
Isoleucine, % 0.71 0.62 0.63 0.62 0.63 0.62
Valine, % 0.82 0.73 0.73 0.72 0.73 0.72
Methionine + cystine, % 0.59 0.54 0.55 0.54 0.55 0.54
Calcium, % 0.54 0.54 0.54 0.42 0.54 0.54
Phosphorus, % 0.49 0.48 0.36 0.36 0.48 0.48
Available phosphorus, % 0.19 0.19 0.19 0.07 0.19 0.19
1 Diets for the Grower 1, Finisher 2, and Finisher 3 phases were com-soybean-mea! 
based diets similar to the Finisher 1 diets.
Calculated composition includes nutrient values provided by phytase.
Calculated composition does not include nutrient values provided by phytase. 
“Calculated composition includes nutrient values for phytase for amino acids and 
metabolizable energy, but not Ca or aP.
5Provides the following per kilogram of diet: zinc, 127 mg; iron, 127 mg; manganese, 
20 mg; copper, 12.7 mg; I, 0.80 mg, as zinc sulfate, ferrous sulfate, manganese 
sulfate, copper sulfate, calcium iodate, respectively with calcium carbonate as the 
carrier.
6Provides 0.3 mg per kilogram of diet.
7Provides the following per kilogram of diet: vitamin A, 8,267 IU; vitamin D, 2,480 IU; 
vitamin E 66 IU; menadionine (as menadionine pyrimidinol bisulfite complex) 6.2 
mg; riboflavin, 10 mg; Ca-d-pantothenic acid, 37 mg; niacin, 66 mg; vitamin B12, 45 
/ /g; d-biotin, 331 jjq] folic acid, 2.5 mg, pyridoxine, 3.31 mg, thiamin, 3.31 mg; and 
vitamin C, 83 //g.
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(1998). The treatments were: 1) C-SBM control (adequate in AA, ME, Ca, and P);
2) a diet with 85% of the AA of Diet 1, but adequate in Ca and P; 3) a diet with 85% 
of the AA of diet 1 but formulated with phytase expected to supply AA, ME, Ca, and 
P, and 500 FTU (phytase units) of phytase added; 4) Diet 3 with no added phytase; 
5) Diet 4 but adequate in Ca and P. The nutrient matrix values that were used for 
the phytase addition were: Ca 144%, aP 144%, ME, 15,246 kcal/kg, Lys 12%, Met 
5%, Thr 5%, and Trp 2%. The phytase was provided at 0.083% of the diet, and 
therefore provided: Ca 0.12%, aP 0.12%, ME, 12.7 kcal/kg, Lys 0.01%, Met 0.004%, 
Thr 0.004%, and Trp 0.002%. Nutrient matrix values are those suggested by the 
manufacturer1 of the phytase product (Natuphos 600®).
At the termination of the EXP, three pigs per replicate were randomly 
selected for slaughter. Pigs were slaughtered by electrical stunning followed by 
exsanguination, and hot carcass weights were obtained for calculation of dressing 
percentage. Carcass measurements and values from TOBEC2 analysis were 
obtained from the left side of the carcass after a 20-h chill at 2 C. Dressing 
percentage was determined using the following equation: [(hot carcass weight 
final BW) x 100]. Fat-free lean and total fat contents were determined by TOBEC 
analysis. The following equation was used to calculate kilograms of fat-free lean: {[- 
2.164 + (0.172 x carcass length) + (0.164 x peak TOBEC value) - (0.742 x carcass 
temperature)] x 2} (Higbie, 1997). The following equation was used to calculate 
kilograms of total fat: {[-9.528 + (0.660 x cold carcass side weight) + (1.181 x 10th- 
rib backfat) - (0.132 x peak TOBEC value) + (0.465 x carcass temperature)] x 2}. 
Percentage lean was calculated with the equation [(fat free lean hot carcass
1BASF Corp., Mount Olive, NJ.
2Model MQI-27, Meat Quality Inc., Springfield, IL.
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weight) x 100] and percentage fat was calculated with the equation [(total fat hot 
carcass weight) x 100]. Lean gain per day was calculated using the equation [(fat 
free lean - initial lean) -*• number of days on trial]. Initial lean was determined using 
the equation of Brannaman et al. (1984): [-1.59 + (0.44 x initial BW)].
The third and fourth metacarpal bones from the right foot of each pig were 
removed and manually cleaned of adhering tissue. Bones were broken using an 
Instron® Universal Testing Machine3 with a load cell capacity of 500 kg, a speed of 
30 mm/min, and a bridge width of 3.6 cm. The mean of the two bones was used for 
the analysis of bone breaking strength.
Experiment 2
Eight barrows with an average BW of 45.0 kg were individually penned in 0.6 
x 1.2-m polyvinyl chloride metabolism crates. Before starting the treatment diets, 
pigs were fed a C-SBM basal diet adequate in all nutrients (NRC, 1998) and 
formulated to provide 1.0% Lys. Feed was mixed with water and fed to appetite 
twice daily, and water was provided on an ad libitum basis between feedings. When 
pigs reached an average wt of 51.9 kg, steered ileal cecal cannulas4 were surgically 
inserted following the procedures described by Mroz et al. (1996), with the following 
modifications. Feed was withheld for 36 h and water for 12 h before surgery. One d 
before, and 3 d after surgery, pigs were given i.m. injections of Excenel® (ceftiofur 
hydrochloride 1 ml_/45.4 kg BW)5; for prevention of infection, and Banamine®
(flunixin meglumine 1 mL/45.4 kg BW)6 for prevention of pain. Before surgery, 
anesthesia was induced using an i.m. injection of Telazol® (1 mL/45.4 kg BW)7 plus
3Model 4301, Instron Corporation, Canton, MA.
4Bar Diamond Inc., Parma, ID.
5Pharmacia & Upjohn Animal Health, Kalamazoo, Ml.
6Schering-Plough Animal Health, Madison, NJ.
7Fort Dodge Laboratories, Fort Dodge, IA.
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xylazine8 and anesthesia was maintained during surgery using halothane. Eleven 
days after the last pig was cannulated, pigs were weighed (BW = 56.0 kg) and 
treatment diets (Table 5.2) were begun. Pigs were fed twice daily at 0700 and 1900 
h to a total daily intake of 2.6 times the maintenance requirement of 106 kcal of 
ME/kg of BW0 75 (NRC, 1998). Pigs were weighed weekly and the amount of feed 
given was adjusted accordingly. At the end of the EXP necropsy revealed no visible 
lesions. Pigs grew normally during the EXP, with ADG of 0.63 kg.
The diets for the EXP were as follows: 1) C-SBM (0.5% Ca, 0.19% aP); 2) 
C-SBM (0.4% Ca, 0.09% aP); 3) Diet 1 + 500 FTU phytase (0.5% Ca, 0.19% aP); 4) 
Diet 2 + 500 FTU phytase (0.4% Ca, 0.09% aP). Feed was prepared at 2-wk 
intervals during the experimental period by mixing a reduced Ca and P basal diet 
with no phytase and adding limestone and monocalcium phosphate or sand, and 
rice hulls or phytase in the proper amounts. Chromic oxide was mixed 1 part 
chromic oxide to 1 part cornstarch, and this mix was added to the diets at a rate of 
0.2% so that the concentration of chromic oxide in the diet was 0.1%, which was 
used as an indigestible marker.
In the 24 h before each ileal collection, feces were collected via rectal 
palpation. There were two fecal collections at 1900 and 0700 h. Fecal collection 
was followed by quantitative collection of ileal digesta. For each treatment, ileal 
digesta was collected continuously for two 24-h periods into a plastic bag attached 
to the cannula using a polyethylene vinyl chloride 90-degree elbow. Bags 
containing ileal digesta were collected at least once per hour, digesta was frozen 
using liquid N, and stored frozen. There was a 6-d adjustment period between ileal 
collections, and upon completion of the second ileal collection for each diet, feeding
8Mobay Corporation, Shawnee, KS.
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TABLE 5.2. Percentage composition of basal diets, as-fed basis
___________________________ (Experiment 2) _______________________
0.5% Ca, 0.19% aP________0.4% Ca, 0.09% aP
Ingredient___________________________ %_______________________ %________
Com 77.865 77.865
SBM (48%CP) 18.462 18.462
Dry fat 1.000 1.000
Mono-dicalcium P04 0.621 0.144
Limestone 0.844 0.769
Salt 0.400 0.400
Vitamin premix1 0.375 0.375
Mineral premix2 0.100 0.100
Selenium premix3 0.050 0.050
Chromic oxide mix4 0.200 0.200
Sand5 0.000 0.552
Phytase/rice hulls6 0.083 0.083
Calculated diet composition
Energy, kcal/kg 3,365.00 3,365.00
Crude protein, % 15.23 15.23
Lysine, % 0.76 0.76
Methionine + cystine, % 0.61 0.61
Calcium, %7 0.50s 0.40
Total phosphorus, %7 0.48 0.38
Available phosphorus, % 0.19 0.09
'Provides the following per kilogram of diet: vitamin A, 8,267 IU; vitamin D, 2,480 
IU; vitamin E 66 IU; menadionine (as menadionine pyrimidinol bisulfite complex) 
6.2 mg; riboflavin, 10 mg; Ca-d-pantothenic acid, 37 mg; niacin, 66 mg; vitamin 
B12, 45 fjQ\ d-biotin, 331 //g; folic acid, 2.5 mg, pyridoxine, 3.31 mg, thiamin, 3.31 
mg; and vitamin C, 83 fjQ.
2Provides the following per kilogram of diet: Zn, 127 mg; Fe, 127 mg; Mn, 20 mg; 
Cu, 12.7 mg; I, 0.80 mg, as zinc sulfate, ferrous sulfate, manganese sulfate, 
copper sulfate, calcium iodate, respectively with calcium carbonate as the carrier. 
3Provides 0.3 mg of Se per kilogram of diet.
4One part of chromic oxide was mixed with one part cornstarch, so that chromic 
oxide was provided in the diet at 0.1%.
5Sand replaced monocalcium phosphate and limestone in the diets with reduced 
Ca and aP.
6ln diets containing 500 FTU phytase, phytase replaced rice hulls.
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of the next allotted treatment diet began. Ileal digesta from the two collections 
within treatment were combined, subsampled, and the subsamples were lyophilized 
and ground for chemical analyses. Fecal samples from the two collections within 
treatment were combined, lyophilized, and ground for chemical analyses. Feed 
from each treatment period was sampled and ground for chemical analyses.
Feed, ileal digesta, and feces were analyzed for Kjeldalh N using a 
Technicon Autoanalyzer II system9 after digestion on a block digester, for DM 
(AOAC, 1990), and GE using oxygen bomb calorimetery10. Following a nitric acid 
wet digestion, feed, ileal, and excreta samples were analyzed for Ca and P content 
by inductively coupled plasma emission spectrophotometry11. Amino acids (Phe, 
Val, Thr, Trp, lie, His, Arg, Lys, and Leu) in the feed and ileal digesta were analyzed 
(AOAC, 1990) on an AA analyzer12. Chromium concentrations were determined by 
atomic absorption spectrophotometry (Williams et al., 1962) to allow calculation of 
apparent ileal and total tract digestibilities of N, GE, DM, and ilea' digestibility of AA. 
Statistical Analysis
Data from EXP 1 was analyzed by analysis of variance procedures (Steel 
and Torrie, 1980) appropriate fo ra  completely randomized design. Individual pig 
initial BW was used as a covariate for the growth data. Individual pig final BW was 
used as a covariate for all carcass data. The treatment x replication term was used 
as the error term in the analysis of the growth and carcass data. Single degree-of- 
freedom contrasts were used to determine treatment differences. Contrasts used 
were: 1) Diet 1 vs Diets 2 to 5; 2) Diet 2 vs Diet 3; 3) Diet 3 vs Diet 4; 4) Diet 3 vs
9 Technicon Instruments Corp., Tarrytown, NY.
10 Model No. 13031 Parr Co.. Moline, IL.
11 Model Optima 3000, Perkin Elmer, Norwalk, CT.
12 Beckman 6300 Series, Beckman Instruments, Inc., Palo Alto, CA.
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Diet 5, and; 5) Diet 4 vs Diet 5. The pen of pigs was the experimental unit for all 
data. Experiment 2 was conducted and analyzed as a Latin rectangle with eight 
columns and fo u r rows (Kuehl, 1994). Each of the test diets were compared to the 
control diet using single degree of freedom contrasts.
Calculations
Apparent ileal digestibility coefficients (%) were determined using the 
following equation:
ADnut= {([Nut]feed ~ [Cr]feed) ~ ([Nutjdjgesta “ [Cr]digesta)} X 100 
([Nut]feed “  [Cr]feed)
where ADnut = percentage apparent digestibility o f nutrients; [Nut]feed = nutrient 
concentration o f the feed; [Cr]feed = the Cr concentration of the feed; [Nut]digesta = 
nutrient concentration of the ileal digesta; and [Cr]digesta = the Cr concentration in the 
ileal digesta.
Apparent fecal digestibility coefficients were determined by substituting the 
nutrient and C r concentrations of the feces for the nutrient and Cr concentrations of 
the digesta in the  above equation. Apparent digestibility coefficients for large 
intestine digestibility were determined by subtracting the apparent ileal digestibility 
coefficients from  the apparent fecal digestibility coefficients. The number of kcal of 
energy that could be attributed to digestible CP was determined by calculating the 




Pigs fed diets with reduced AA concentrations (Diets 2 to 5; Table 5.3) had reduced 
ADG and ADFI (P < 0.01) compared with pigs fed the diet adequate in all nutrients
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TABLE 5.3. The effects of phytase addition on growth performance in growing-finishing pigs fed diets deficient in
amino arirlc tPvnarimant 4\f'*
Item Diet 12 Diet 2 Diet 3 Diet 4 Diet 5 SEM 1 vs All
Contrasts, P > F 
2 vs 3 3 vs 4 3 vs 5 4 vs 5
ADG3, kg 0.896 0.815 0.793 0.776 0.829 0.021 0.01 NS4 NS NS 0.10
ADFI3, kg 2.60 2.36 2.25 2.36 2.46 0.07 0.01 NS NS 0.05 NS
G:F3,g/kg 345 345 352 330 337 6 NS NS 0.05 0.15 NS
Ul
and initial BW was 20 kg.
2The treatments were: Diet 1) Corn-SBM control (adequate in amino acids, ME, Ca, and P); Diet 2) a diet with 85% of the 
amino acids of Diet 1, but adequate in Ca and P; Diet 3) a diet with 85% of the amino acids of diet 1 but formulated with 
phytase expected to supply amino acids, ME, Ca, and P, and 500 FTU of phytase added; Diet 4) Diet 3 with no added 
phytase; Diet 5) Diet 4 but adequate in Ca and P.
ADG = average daily gain; ADFI = average daily feed intake; G:F = gain to feed. 
a> 4Not significant, P = 0.20.
(Diet 1). Pigs fed Diet 5 (adequate in Ca and aP, reduced levels of AA and ME, and 
no phytase) had increased (P < 0.10) ADG compared with pigs fed Diet 4 (reduced 
levels of Ca, aP, AA, and ME, and no added phytase). Pigs fed Diet 3 (reduced 
levels of Ca, aP, AA, and ME, and with added phytase) had reduced (P < 0.05)
ADFI compared with pigs fed Diet 5. Gainifeed was higher (P < 0.05) in pigs fed 
Diet 3 than in pigs fed Diet 4, and G:F tended to be higher (P = 0.15) in pigs fed Diet 
3 than in pigs fed Diet 5.
Fat-free lean, percentage lean, lean gain per day, and leamfat (Table 5.4) 
were higher (P < 0.08) and dressing percentage tended (P = 0.13) to be lower in 
pigs fed Diet 1 (adequate in ail nutrients) than in pigs fed the diets with reduced AA 
concentrations (Diets 2 to 5). Pigs fed Diet 3 had (reduced levels of Ca, aP, AA, 
and ME, and with added phytase) higher 10th rib-backfat (P < 0.02), fat-free lean (P 
< 0.07), and lean gain per day (P < 0.10) and tended to have more total fat (P = 
0.12) than pigs fed Diet 2 (85% of AA of Diet 1).
Bone breaking strength (Table 5.4) was higher (P < 0.04) in pigs fed Diet 3 
(the diet with added phytase) than those fed Diet 4 (Diet 3 but no added phytase) 
but was not equal (P < 0.06) to bone breaking strength of the pigs fed Diets 2 or 5. 
Experiment 2
Reducing the Ca and P concentration in the diet without the addition of 
phytase increased (P < 0.10) apparent ileal digestibility of Lys, lie, Leu, Phe, His,
Val, Thr, and Trp but not of Arg (P > 0.15; Table 5.5). Phytase addition to the Ca 
and P adequate diet increased (P < 0.10) digestibility of lie, Leu, Phe, and Thr and 
tended (P = 0.15) to increase the digestibility of Lys, His, and Val; Trp and Arg 
digestibility were not affected (P > 0.15). The combination of phytase addition and
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TABLE 5.4. The effects of phytase addition on carcass characteristics in growing-finishing pigs fed diets deficient in 
_____________________________________ amino acids (Experiment 1)1_____________ ________________________
Item Diet 12 Diet 2 Diet 3 Diet 4 Diet 5 SEM 1 vs All
Contrasts, P > F 
2 vs 3 3 vs 4 3 vs 5 4 vs 5
10th rib 3/4 backfat, cm 1.43 1.25 1.66 1.55 1.43 0.11 NS3 0.02 NS 0.17 NS
Loin muscle area, cm2 44.68 44.16 44.08 44.49 42.96 1.89 NS NS NS NS NS
Dressing percentage 72.34 72.98 74.51 73.35 73.68 0.70 0.13 0.14 NS NS NS
Fat free lean, kg 43.86 41.37 43.33 42.23 42.33 0.73 0.08 0.07 NS NS NS
Percentage lean 55.45 51.62 53.35 52,50 52.44 0.88 0.01 0.18 NS NS NS
Percentage fat 25.93 25.88 27.38 27.79 26.99 0.85 NS NS NS NS NS
Total fat, kg 20.75 20.84 22.65 22.55 22.09 0.78 0.17 0.12 NS NS NS
Lean gain per day, g 343 312 332 315 320 8 0.03 0.10 0.17 NS NS
Leamfat 2.19 2.01 1.99 1.92 1.98 0.08 0.04 NS NS NS NS
Bone strength, kg 171.2 189.9 153.2 128.2 176.2 8.1 NS 0.01 0.04 0.06 0.01
’Data are means of five replicates of three pigs each per treatment. Three pigs were selected at random from each replicate for 
analysis of carcass characteristics. Final BW was used as a covariate for all carcass data and it tended to be significant (P =
0.12) for all response criteria.
2The treatments were: Diet 1) Corn-SBM control (adequate in amino acids, ME, Ca, and P); Diet 2) a diet with 85% of the amino 
acids of Diet 1, but adequate in Ca and P; Diet 3) a diet with 85% of the amino acids of diet 1 but formulated with phytase 
expected to supply amino acids, ME, Ca, and P, and 500 FTU of phytase added; Diet 4) Diet 3 with no added phytase; Diet 5) Diet 
4 but adequate in Ca and P.

















TABLE 5.5. The effect of reduction of dietary calcium and phosphorus and(or) phytase addition on apparent ileal 










0.4/0.09 SEM 1 vs 2
Contrasts, P> F 
1 vs 3 1 vs 4
Lysine 77.2 80.8 79.9 80,2 1.1 0.04 0.11 0.08
Isoleucine 77.3 81.6 81.0 81.6 1.0 0.01 0.02 0.01
Leucine 80.0 83.6 83.2 83.8 0.9 0.02 0.03 0.01
Phenylalanine 78.4 81.8 81.1 82.1 1.1 0.04 0.09 0.03
Histidine 83.4 86.0 85.3 85.6 0.9 0.06 0.14 0.10
Arginine 85.7 87.1 86.9 88.3 0.8 NS2 NS 0.03
Valine 76.6 82,0 79.0 81.1 1.1 0.01 0.15 0,02
Threonine 70.5 75.9 74.4 75.0 1.3 0.01 0.06 0.03
Tryptophan 77.4 80.4 79.8 80,3 1.2 0.10 0.16 0.10
Average 79.1 82.7 81.7 82,6 1.3 0.02 0.07 0.02
’Data are the means of eight barrows.
zNot significant, P = 0,20.
Ca and P reduction increased (P < 0.10) digestibility o f all nine AA compared with 
pigs fed the control diet.
Ileal N digestibility (Table 5.6) was increased (P < 0.08) with Ca and P 
reduction and tended (P = 0.13) to be increased with phytase addition or with the 
combination of phytase addition and Ca and P reduction. Ileal DM and GE 
digestibilities were increased (P< 0.05) with Ca and P reduction, phytase addition, 
and the combination of the two treatments. Energy (kcal/kg of diet; Table 5.7) 
digested from the ileum was higher (P < 0.05) for the each of the three test diets 
compared to the control diet. Energy (kcal/kg of diet) digested from the ileum and 
corrected for the amount of digestible energy from protein was also increased (P < 
0.04) for each of the three test diets compared to the control diet. Ileal Ca 
digestibility was not affected (P > 0.15) by Ca and P reduction without the addition 
of phytase but was increased (P < 0.02) when phytase was added to the diet at both 
Ca and P concentrations. Ileal P digestibility was decreased (P < 0.06) when Ca 
and P were reduced without phytase addition and increased (P < 0.05) with phytase 
addition to the Ca and P adequate diet. There was no effect of treatment (P >0.15) 
on ileal P digestibility when Ca and P reduction were combined with phytase 
addition.
Apparent total tract DM, GE, and N digestibilities were not affected (P >
0.15) by Ca and P reduction, phytase addition, or the combination of phytase 
addition and Ca and P reduction. Neither total tract DE nor total tract DE corrected 
for the amount of DE from protein for any of the test diets were different (P > 0.15) 
than the control diet. Total tract Ca digestibility was not affected (P >0.15) by Ca 
and P reduction, but it was increased (P < 0.10) when phytase was added to the 
diet at both Ca and P concentrations. Total tract P digestibility was decreased (P <
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TABLE 5.6. The effect of reduction of dietary calcium and phosphorus and(or) phytase addition on apparent ileal or 
___________________total tract digestibility (%) of nutrients in finishing pigs (Experiment 2)1__________________
Phytase, FTU/kg 0 0 500 500 Contrasts, P > F
Ca/aP, % 0.5/0.19 0.4/0.09 0.5/0.19 0.4/0.09 SEM 1 vs 2 1 vs 3 1 vs 4
Apparent ileal digestibility, %
N 75.03 78.57 78.05 78.17 1.34 0.08 0.13 0.12
DM 70.38 75.00 75.40 75.34 1.44 0.04 0.03 0.03
GE 71.25 76.41 75.63 76.02 1.45 0.03 0.05 0.04
Ca 49.00 53.26 57.75 63.02 2.36 NS2 0.02 0.01
P 43.50 34.65 52.75 50.02 3.11 0.06 0.05 0,16
Apparent total tract digestibility, %
N 88.28 87.66 88.65 88.86 0.66 NS NS NS
DM 88.09 87.85 87.89 88.18 0.40 NS NS NS
GE 86.46 86.30 86,21 86.47 0.49 NS NS NS
Ca 55.50 54.38 60.02 64.51 1.82 NS 0.10 0.01
P 53.45 42.77 58.60 55.71 2.85 0.02 NS NS
Apparent large intestine digestibility, %3
N 13.25 8.45 10.07 10.61 1.46 0,04 0.14 0.20
DM 17.71 12.89 12.50 12.84 1.36 0.03 0.02 0,03
GE 15.21 9.89 10.57 10.45 1.46 0,02 0,04 0.04
Ca 6.50 1.12 2.27 1.49 2.47 0.15 NS 0.17
P 9.95 8.12 5.85 5.70 4.38 NS NS NS
1Data are the means of eight barrows.
2Not significant, P = 0.20.

















TABLE 5.7. The effect of reduction of dietary calcium and phosphorus and(or) phytase addition on apparent 
_________________ ileal or total tract digestibility of energy in finishing pigs (Experiment 2)1_______________
Phytase, FTU/kg 0 0 500 500 Contrasts, P > F
Ca/aP, %______________ 0.5/0.19 0.4/0.09 0.5/0.19 0.4/0.09 SEM 1vs2 1vs3 1vs4
Apparent ileal digestible energy, kcal/kg 
DE 3,035 3,255
DE, CP corrected2 2,207 2,388
Apparent total tract digestible energy, kcal/kg 
DE 3,683 3,676
DE, CP corrected 2,709 2,713
Apparent large intestine digestible energy, kcal/kg4 
DE 648 421
DE, CP corrected 501 308
DE from protein5___________ 146_______ 93
1Data are the means of eight barrows.
2Caloric contribution from N was calculated using a value of 5.6 kcal/g of protein (Ewan, 1991).
3Not significant P = 0.20.
4Data are the difference between apparent ileal and total tract digestibilities.
5Energy from protein that was digested in the large intestine.
3,222 3,238 62 0.03 0.05 0.04
2,360 2,374 48 0.02 0.04 0,03
3,672 3,683 21 NS3 NS NS
2,704 2,710 18 NS NS NS
450 445 62 0.02 0,04 0.04
339 326 59 0.04 0.06 0.06
110 115 16 0.04 0.14 NS
0.02) with Ca and P reduction, but it was not affected by the addition of phytase, or 
phytase addition combined with Ca and P reduction.
Digestibility of DM, GE, DE, and DE corrected for calories digested from 
protein in the large intestine was lower (P < 0.04) when Ca and P were reduced, 
phytase was added, or when the two were combined. Nitrogen digestibility in the 
large intestine was higher in the control diet than the diet with reduced Ca and P (P 
< 0.04) and tended to be higher than in the diet with added phytase (P = 0.14), but 
was not different (P > 0.15) than the diet with the two combined. Calcium digested 
in the large intestine tended (P = 0.15) to decrease with Ca and P reduction. But 
was not affected (P >0.15) by phytase addition combined with dietary Ca and P 
reduction or by phytase addition to the Ca and P adequate diet. Digestibility of P in 
the large intestine was not affected by diet (P = 0.15).
Discussion 
Experiment 1
Pigs fed the diet adequate in all nutrients (Diet 1) had higher ADG and ADFI 
than pigs fed diets with reduced AA concentrations (Diets 2 to 5). This was 
expected as reduced growth and feed intake are characteristic signs of AA 
deficiencies in swine (NRC, 1998). Average daily gain was not different in pigs fed 
the diet with reduced amino acid concentrations (Diet 2) compared to pigs fed the 
diet with added phytase (Diet 3). Zhang and Kornegay (1999) showed linear 
increases in ADG when phytase (250 or 500 FTU per kg of feed) was added to low- 
protein diets for pigs. Pigs fed the diet using phytase matrix values for ME and AA 
but with adequate Ca and aP (Diet 5) had higher ADG than pigs fed the diet using 
phytase matrix values for ME, AA, Ca, and aP but without phytase (Diet 4). This 
response would be expected as diets deficient in aP are associated with decreased
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gain (Cromwell et al., 1991; Potter et al., 1995). Increasing the availability of 
phytate P by phytase addition (Diet 3) reversed this response (Denbow et al., 1995; 
Lei et al., 1993).
Feed intake was not different for pigs fed the diet with reduced AA 
concentration (Diet 2) compared to those fed the diet with added phytase (Diet 3), 
but ADFI was lower in pigs fed the diet with added phytase than in the pigs fed the 
diet using phytase matrix values for ME, AA, but with adequate Ca and aP (Diet 5). 
The reduction of ADFI with phytase addition may be due to increased energy 
availability, as pigs eat to a constant energy intake (Ewan, 1991).
Pigs fed the diet adequate in all nutrients (Diet 1) did not have G:F higher 
than the those of pigs fed the diets with reduced AA concentrations (Diets 2 to 5). 
This would seem to indicate that changes in G:F were more likely due to changes in 
ME, rather than increased AA availability. Pigs fed Diet 3 (added phytase) had G:F 
equal to pigs fed Diets 1 or 2, but they had greater G:F than pigs fed Diets 4 or 5. 
This is in agreement with other researchers who reported increased feed efficiency 
with phytase addition to diets for swine (Cromwell et al., 1991; Young et al., 1993), 
but in contrast to others who reported no effect on feed efficiency (Lei et al., 1993; 
O'Quinn et al., 1997). This result suggests that not all of the increased feed 
efficiency from phytase was in response to increased Ca and P, but that energy and 
possibly AA availability was improved when phytase was added to the diet, which 
supports the suggestion that decreased feed intake with phytase addition was due 
to increased energy availability.
Pigs fed the diet adequate in all nutrients (Diet 1) had higher fat free lean, 
percentage lean, lean gain per day, and leanrfat than pigs fed Diets 2 to 5. This 
response would indicate that these criteria would respond to an increase in AA
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concentration or increased AA availability in the diet. Pigs fed the diet containing 
phytase (Diet 3) had more fat and muscle than pigs fed the diet without phytase 
(Diet 2). This response is in contrast to O'Quinn et al. (1997) who reported no 
changes in percentage lean in pigs as a result of phytase addition to sorghum- 
soybean meal-based diets and to Gebert et al. (1999) who reported that phytase 
had no effect on carcass composition of pigs fed barley-maize-based diets. 
However, these reports were in pigs fed diets adequate in AA; therefore, there was 
no response surface to show increased lean composition of the carcass with 
increased AA availability due to phytase addition.
Increased lean growth with phytase addition in the current EXP suggests 
increased AA availability. Increased backfat thickness also suggests that phytase 
increased energy availability, probably to a greater degree than the increase in AA 
availability. Increased backfat thickness suggesting increased energy availability 
would agree with the ADFI and G:F data. The data from the current EXP suggest 
that dietary phytase increased AA and energy availability in these diets, but the 
increase in energy availability was more than the increase in AA availability.
Bone breaking strength of pigs fed the diet with added phytase was higher 
than those of the pigs fed that diet without added phytase. However, bone breaking 
strength of pigs fed the diet with added phytase was lower than those of the pigs fed 
diets with higher dietary Ca and P concentrations. This is in agreement with 
Cromwell et al. (1995) who reported increases in bone breaking strength but only 
the 1,000 FTU of phytase diet approached the bone strength of the positive control, 
but in contrast to O'Quinn et al. (1997) who reported that bone strength was higher 
than that of the control diet with addition of 300 FTU of phytase.
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Experiment 2
Mineral concentrations in diets for nonruminants have an effect on nutrient 
availability. Yi et al. (1996a) reported increased apparent and true ileal digestibilities 
of essential AA and N when dietary nonphytate P concentration was decreased from 
0.60 to 0.45% in diets for poults. Nasi (1990) reported that apparent total tract 
digestibility of CP was greater in pigs receiving diets without an inorganic P 
supplement. Atteh and Leeson (1984) reported increased formation of insoluble 
soaps between Ca and dietary fats as dietary Ca concentration was increased. 
These reports support the results of EXP 2 where reducing the Ca and P in the diet 
without the addition of phytase increased apparent ileal AA, N, DM and GE 
digestibilities. However, Yi et al. (1996b) reported that the apparent total tract 
digestibility of DM and the apparent absorption of N decreased linearly, as the 
amount of aP increased without the addition of phytase to diets for swine. This 
report is in contrast to the current EXP where reducing Ca and P had no effect on 
apparent total tract DM, GE, or N digestibilities. Reducing the Ca and P in the diet 
had no effect on apparent ileal or total tract digestibility o f Ca. As expected, ileal 
and total tract P digestibilities were decreased when the highly available (NRC,
1998) inorganic P source was removed from the diet. While reducing the Ca and P 
concentrations in the diet increased nutrient digestibilities, this may not be practical. 
Inadequate Ca and P concentrations during the growing and early finishing phases 
of production will decrease feed intake (Combs et al., 1991) and inadequate P will 
decrease gain (Cromwell et al., 1991). However, Mavromichalis et al. (1999) 
reported that decreasing the P in the diet to 0.40% for the last 30 d of the finishing 
period increased ADG, but it had no effect on ADFI, G:F, or meat quality.
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Phytate is an anionic molecule with strong anti-nutritional effects, the best 
known being that phytate P has limited availability when fed to swine and poultry 
(Nelson et al., 1968; Calvert et al., 1978). Protein quality is also affected by phytate 
(Satterlee and Abdul-Kadir, 1983), and AA availability of a feedstuff may be 
correlated to its phytate concentration (Ravindran et al., 1999a). Phytate has been 
shown to inhibit a-amylase activity (Deshpande and Cheryan, 1984), trypsinogen 
activation (Caldwell, 1992), and form Ca-phosphate-phytate complexes with 
carbohydrate (Thompson and Yoon, 1984). Dietary microbial phytase has been 
shown to increase the bioavailability of phytate P for poultry and swine (Nelson et 
al., 1968; Cromwell et al., 1991; Qian, et al., 1996). In this EXP, apparent ileal 
digestibility of AA and N were increased with phytase addition to the diet without 
reduction of Ca and P. This response is in agreement with previous reports, 
(Radcliffe et al., 1999; Zhang and Komegay, 1999). Mroz et al. (1994) also reported 
increased ileal digestibility of Met and Arg when phytase was added to the diet 
without Ca and P reduction. However, in the current EXP, Arg and Trp were the 
only AA analyzed that did not have increased digestibility as a result of adding 
phytase to diets adequate in Ca and aP. In contrast to Jongbloed et al. (1992), 
phytase addition without Ca and P reduction increased ileal DM digestibility in this 
EXP. However, total tract DM digestibility was not different than the control, which 
agrees with Jongbloed et al. (1992) and Kemme et al. (1997b), but this response is 
in contrast to Mroz et al. (1994) who reported increased total tract digestibility of DM 
and CP when phytase was added to swine diets without Ca and P adjustment. Ileal 
digestibility of Ca and P were higher in pigs fed the diet adequate in Ca and aP with 
added phytase than in those fed the control diet, which is the expected response, 
and it is in agreement with numerous reports (Jongbloed et al., 1992; Radcliffe et
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al., 1999; Zhang and Komegay, 1999). Total tract Ca digestibility was increased 
while P digestibility was not different than that of the control diet.
The combination of phytase addition and Ca and P reduction increased 
apparent ileal AA, N, DM, and GE digestibility. This is in contrast to O’Quinn et al.
(1997) who reported no increase in ileal DM, N, or GE digestibility, but in agreement 
with O'Quinn (1997) when total tract digestibilities are compared. Total tract 
digestibilities of DM, GE, and N were not affected when phytase was added and Ca 
and P concentrations were reduced in either our data or that of O'Quinn. Ileal and 
total tract digestibility o f Ca was increased with Ca and P reduction and phytase 
addition. This response would be expected as Ca absorption is inversely related to 
Ca intake (Allen and Wood, 1994), and Ca availability is increased with phytase 
addition (Lei et al., 1993; Mroz et al., 1994; Radcliffe et al. 1995). Ileal P digestibility 
tended to increase with Ca and P reduction and phytase addition while total tract P 
digestibility was not different than that of the control diet. The bioavailability of 
monocalcium phosphate is considered to be 95 to 100% (NRC, 1998), and when 
monocalcium phosphate was removed from the diet (Diet 2), P digestibility was 
decreased. The addition of phytase to this diet reversed that response.
Dry matter, GE, and DE digestibilities were higher in the large intestine for 
the control diet compared to all of the test diets. Nitrogen digestibility in the large 
intestine was higher in the control diet than in the diet with reduced Ca and P 
concentration and tended to be higher than in the diets with added phytase. This is 
likely due to increased substrate for bacterial digestion because of lower ileal 
digestibility of these nutrients in the control diet compared to the test diets. The 
tendency for increased N digestibility in the large intestine accounts for some of the 
increase in energy digestibility. Digestion of Ca in the large intestine tended to be
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lower for the diets with reduced Ca and P than that of the control diet. Phytase did 
not affect digestion of Ca in the large intestine at either Ca and P concentration. 
There was no effect of diet on hind gut digestion of P. Increased digestibility in the 
large intestine because of phytase addition would not be anticipated as Jongbloed 
et al. (1992) reported that there was no phytase activity in ileal digesta of pigs fed 
phytase. However, these responses are in contrast to O'Quinn et al. (1997) who 
reported increases in both Ca and P digestibility in the large intestine with phytase 
addition.
Apparent ileal digestible energy increased in all of the test diets compared to 
the control diet, while N digestibility increased in the diet with reduced Ca and aP 
and tended to increase in the two diets with added phytase. Ewan (1991) provides 
a value of 5.6 kcal/g of CP. Most of the increase in N, or CP digestibility, will be 
used in the form of amino acids in growing pigs, and it will not be available for use 
as an energy source. However, DE corrected for energy from digested CP also 
increased in all treatments.
In conclusion, dietary phytase addition increased lean gain and G:F in 
growing-finishing pigs. Calcium and P reduction, phytase addition, or the 
combination of the two increased ileal AA, GE, DM, and N digestibilities in com- 
soybean meal diets fed to cannulated barrows.
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CHAPTER 6 
THE EFFECT OF DIETARY PHYTASE ON NUTRIENT DIGESTIBILITY IN DIETS 
FOR BROILERS AND LAYERS 
Introduction
Reports have shown increased utilization of amino acids (AA) when phytase 
is added to chick diets (Biehl and Baker, 1997a; Johnston and Southern, 1999). 
Phytate has been shown to inhibit the activity of trypsinogen (Caldwell, 1992); thus, 
it is likely that the improved utilization of amino acids (AA), a result of phytase 
addition, is due to improved amino acid digestibility. Biehl and Baker (1997a) 
reported that phytase resulted in a nonsignificant two-percentage point increase in 
amino acid digestibility of soybean meal in cecectomized roosters. Ravindran et al. 
(1999a) reported that phytase increased amino acid digestibility in nine common 
feedstuffs with phytase addition. Yi et al. (1996a) reported that phytase increased 
amino acid digestibility in corn-soybean meal diets for turkeys. Sebastian et al. 
(1997) reported that phytase increased apparent ileal digestibility of AA in diets fed 
to female, but not to male broilers, and optimum growth performance and amino 
acid digestibilities were from a low-P, low-Ca diet supplemented with phytase.
In previous research from our laboratory (Johnston and Southern, 1999) 
phytase increased Lys availability in diets for chicks. Similarly, Johnston et al. 
(2000) reported that reduction of Ca and aP, phytase addition, or the combination of 
the two would increase amino acid digestibility in com-soybean meal diets for pigs.
The objective of Experiment (EXP) 1 was to determine the effect of the 
reduction of Ca and aP, or phytase addition, or both on growth and apparent ileal 
amino acid digestibility in broilers. The objective of EXP 2 was to determine the 
effect of phytase on the apparent ileal amino acid digestibility of diets containing 
10% rice bran for laying hens.
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Materials and Methods
Experiment 1
One hundred-sixty Comish x Plymouth Rock male chicks were used in a 15- 
d EXP to determine the effect of phytase addition to a com-soybean meal-based 
poultry diet (Table 6.1) on growth performance and amino acid digestibility in chicks. 
Chicks were placed on a common diet adequate in all nutrients (NRC, 1994) for 13 
d after delivery to the Louisiana State University Agricultural Center. The day before 
the initiation of the EXP, chicks were held overnight without feed and water. On Day 
14 posthatching, chicks (initial and final weights were 306 g and 1,182 g) were 
weighed, leg-banded, and allotted to four treatments with 10 replicates of four chicks 
per replicate in a completely randomized design.
Treatments were: 1) com-soybean meal (0.90% Ca, 0.35% aP), 2) Diet 1 
with reduced Ca and P (0.80% Ca, 0.25% aP), 3) Diet 1 with 600 phytase units 
(FTU) of phytase, or 4) Diet 2 with 600 FTU of phytase. The chicks were housed in 
finishing batteries1 and allowed ad libitum access to feed and water. The chicks 
were fed the treatment diets for a total of 15 d. From Day 8 to 11 of the EXP, 
excreta was collected. On Day 14 of the EXP, chicks and feeders were weighed for 
determination of average daily gain (ADG), average daily feed intake (ADFI), and 
gaimfeed (G:F). On Day 15, chicks were killed by C 02 asphyxiation, and ileal 
digesta collected and pooled by pen for nutrient analyses.
Experiment 2
A 10-day EXP was conducted to determine the effect of phytase addition to 
com-soybean meal-rice bran diets on amino acid digestibility in laying hens. Sixty 
Hy-Line® W-36 hens were randomly allotted to three dietary treatments. Treatments
1 Model 515 Finishing Unit; Petersime Incubator Co., Gettysburg, OH.
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Soybean meal (48%CP) 26.26 18.57
Com oil 3.00 1.40
Monocalcium phosphate1 1.41 0.51
Limestone 1.55 9.81
Rice bran, defatted — 10.00
Salt 0.40 0.25
DL-methionine 0.11 0.13
Vitamin premix2 0.25 —
Mineral premix3 0.25 —
Vitamin-mineral premix4 — 0.15
Choline premix5 0.07 —
Rice hulls6 0.10 0.10
Chromic oxide mix7 0.20 0.20
Calculated composition
ME, kcal/kg 3,436.00 2,840.00
Lysine, % 0.95 0.79
TSAA, %
1..____ ______i___ . x____ ,
0.71 0.67
phytase, and they were replaced with sand.
2Provided the following per kilogram of diet: vitamin A, 4,500 IU; vitamin D3, 450 IU; 
vitamin E, 50 IU; menadione, 1.5 mg; d-pantothenic acid, 18.3 mg; pyridoxine, 6.4 
mg; riboflavin, 15 mg; thiamin, 13.4 mg; niacin, 50 mg; folic acid, 6 mg; d-biotin, 0.6 
mg; vitamin B12, 0.02 mg.
3Provided the following per kilogram of diet: Cu, 4 mg; I, 1.0 mg; Fe, 60 mg; Mn, 60 
mg; Se, 0.1 mg; Zn, 44 mg; Ca, 723 mg.
“Provided 500 mg choline per kilogram of diet.
5Provided the following per kilogram of diet: vitamin A, 4,630 IU; vitamin D3, 992 
ICU; vitamin E, 1.3 IU; vitamin B12, 5 //g; riboflavin, 2.6 mg; niacin, 16.5 mg; d- 
pantothenic acid, 5.3 mg; Ca d-pantothenate, 5.8 mg; choline, 330 mg; d-biotin 0.33 
mg; 40 mg; Zn 26 mg; Fe, 12 mg; Cu, 1.2 mg; I, 0.75 mg; Co, 0.12 mg; Se, 0.18 mg. 
6Rice hulls were replaced by phytase in diets with added phytase.
7Chromic oxide was mixed with cornstarch and added to the diet to provide 0.05% 
chromic oxide as an indigestible marker.
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were: 1) com-soybean meal-rice bran (4.0% Ca, 0.56% P); 2) Diet 1 with reduced P 
(0.46% P) with 300 FTU phytase; 3) Diet 1 with reduced P (0.46% P) with 600 FTU 
phytase. Hens were housed one hen per cage in an open-sided cage layer house. 
Cages were 30.5 cm wide x 45.7 cm deep and were on a 15-h light per day 
regimen. Hens were individually fed the treatment diets and from Day 8 to 10, 
excreta was collected from pexi-glass trays every 24 h. On Day 10 of the EXP, 
hens and feeders were weighed for determination of ADG and ADFI, killed using 
C02 gas, and ileal digesta was collected. Ileal digesta of two hens on the same 
treatment were pooled fo r analyses, such that there were 10 replications of each 
treatment. Excreta was analyzed for the individual hen.
General
The EXP were approved by the University Animal Care and Use Committee. 
Ileal digesta was collected by removing the distal ileal portion of the digestive tract 
from each bird starting at the Meckel’s diverticulum to 4 cm anterior to the ileal-cecal 
junction. Ileal digesta was collected by gently flushing with distilled H20  as soon as 
possible, but no longer than 5 min, after death. The digesta was immediately frozen 
using dry ice and acetone. Excreta and ileal digesta were stored at -20 C, 
lyophilized, and ground in preparation for chemical analyses. Chromium 
concentration of feed, ileal digesta, and excreta were determined by analysis by 
atomic absorption spectrophotometry2 following nitric-perchloric acid digestion.
Feed and excreta were analyzed for Ca concentrations by atomic absorption 
spectrophotometry (Brown et al., 1989). Feed and excreta were analyzed for P and 
N content on an autoanalyzer3, after digestion in sulfuric acid on a block digester.
2 AAnalyst 300, Perkin-Elmer Corp., Norwalk, CT.
3 QuickChem 8000, Lachat Instruments Division, Zellweger Analytics, Inc.
Milwaukee, Wl.
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Feed and ileai contents were analyzed on an AA analyzer4 for AA (Lys, lie, Leu, 
Phe, His, Arg, Val, and Thr) after acid hydrolysis (AOAC, 1990).
Statistical Analysis
Data from both EXP were analyzed by analysis o f variance procedures 
(Steele and Tome, 1980) appropriate for a completely randomized design. In EXP 1 
each of the test diets were compared to the control diet using single degree of 
freedom contrasts. The pen of chicks was the experimental unit for all analyses. In 
EXP 2 the shape of the response curve of the diets with added phytase was 
characterized by linear and quadratic polynomial regression. Analysis of ileal amino 
acid digestibility data was conducted on the combined digesta of two hens while the 
remainder of the data used the individual hen as the experimental unit.
Results 
Experiment 1
Reducing the concentration of dietary Ca and available P (aP) decreased 
ADG and ADFI (P < 0.02), and numerically decreased G:F (P < 0.07) compared to 
chicks fed the control diet (Table 6.2). There was no effect (P > 0.10) on growth 
performance when phytase was added to the diet adequate in Ca and aP. Phytase 
addition to the diet with reduced Ca and aP resulted in growth performance similar 
to that of chicks fed the control diet (P > 0.10).
Phytase addition to the Ca and P adequate diet resulted in no increase in 
amino acid digestibility (P > 0.10), but reducing the concentration of Ca and aP in 
the diet increased digestibility of His (P < 0.04). The combination of Ca and aP 
reduction and phytase addition numerically increased digestibility of Lys, lie, and 
Leu as well as the average of the seven AA (P < 0.09).
4 Beckman 6300 Series, Beckman Instruments, Inc., Palo Alto, CA 94304
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TABLE 6.2. The effect of reduction of dietary calcium and phosphorus, phytase addition, or 
both on growth performance and nutrient digestibility in broiler chicks (Experiment 1)1
Phytase, FTU2 0 0 600 600 Contrasts, P  > F
Ca/aP2, % 0.9/0.35 0.8/0.25 0.9/0.35 0.8/0.25 SEM 1 vs 2 1 vs 3 1 vs 4
Growth performance
ADG2, g 64.29 58.62 63.65 63.69 1.28 0.01 NS1 NS
ADFI2, g 105.46 99.93 103.67 104.73 1.58 0.02 NS NS
G:F2 0.610 0.588 0.614 0.608 0.008 0.07 NS NS
Apparent ileal amino acid digestibility, %
Lysine 86.04 85.75 86.70 87.80 0.54 NS3 NS 0.03
Isoleucine 84.41 84.13 84.97 85.87 0.59 NS NS 0.09
Leucine 86.16 85.67 86.37 87.23 0.42 NS NS 0.08
Phenylalanine 81.54 81.76 82.04 83.24 1.00 NS NS NS
Histidine 76.17 77.74 82.94 79.48 2.06 NS 0.04 NS
Arginine 88.96 88.65 88.53 89.13 0.51 NS NS NS
Valine 83.69 82.58 83.40 85.27 1.12 NS NS NS
Threonine 77.88 77.47 78.60 78.97 0.66 NS NS NS
Average 84.13 83.88 84.79 85.47 0.56 NS NS 0.08
Apparent total tract nutrient retention, %
Ca 42.84 40.13 44.20 44.30 1.70 NS NS NS
P 44.82 51.61 57.06 53.66 1.76 0.02 0.01 0.01
N
____xi________
68.39 66.97 65.59 67.66 1.24 NS NS NS
Data are the means of 10 replications of four chicks each. Average initial and final weights were 306 and 1,182
g. The experimental period was from 14 to 29 d posthatching.
2aP = available phosphorus, FTU = One FTU of phytase activity; ADG = average daily gain; ADFI = average daily 
feed intake; G:F = gain.feed.
Contrasts were not significantly different, P = 0.10.
Reducing dietary Ca and P, adding phytase, or the combination of the two 
increased retention of P (P < 0.02), as a percentage of dietary P intake. Reducing 
dietary Ca and P, adding phytase, or the combination of the two resulted in Ca 
retention equal (P >0.10) to that of the control diet. Retention of N was not affected 
by treatment (P > 0.10).
Experiment 2
There was no effect of treatment (P >0.10) on weight change or feed intake 
as hens in all treatments lost weight (Table 6.3). Phytase addition to the diet 
numerically increased (linear, P < 0.10) apparent ileal digestibility of Thr and His. 
There was no effect of treatment (P >  0.10) on the digestibility of the other AA.
Most hens in this study were in a state of negative N and P balance. There 
were no linear or quadratic effects of reduction of aP and phytase addition on N or P 
retention (P >0.10) in these hens.
Discussion
Diets deficient in aP are associated with decreased gain (Potter et al., 1995) 
and feed intake (Denbow et al., 1995). Increasing the availability of phytate P by 
dietary addition of the enzyme phytase typically reverses this response (Lei et al., 
1993; Denbow et al., 1995). In EXP 1 with broilers, ADG and ADFI followed 
expected patterns as both responses decreased when aP was reduced, but they 
returned to values similar to that of the control diet when phytase was added to the 
diet with reduced Ca and aP concentrations. In EXP 2, hens on all treatments lost 
weight and there was no effect o f treatment on weight change or feed intake.
Yi et al. (1996a) reported that phytase increased amino acid digestibility in 
com-soybean meal diets for turkeys. Biehl and Baker (1997a) reported increased 
utilization of AA when phytase was added to com-soybean meal diets for broilers,
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TABLE 6.3. The effect of phytase addition of growth performance and nutrient 
digestibility in diets containing 10% rice bran for laying hens (Experiment 2)1
Phytase, FTU2 0_______ 300______ 600_____________ Contrasts, P >  F
Ca/aP2, % 4.0/0.34 4.0/0.24 4.0/0.24 SEM
Growth performance
ADG2, g -4.17 -3.16 -3.89 1.39 NS3 NS
ADFI2, g 84.52 87.33 83.88 2.36 NS NS
Apparent ileal amino acid digestibility, %
Lysine 88.84 89.92 90.55 0.89 NS NS
Isoleucine 86.69 88.17 88.69 1.00 NS NS
Leucine 89.87 89.87 90.58 0.92 NS NS
Phenylalanine 83.73 85.54 85.64 1.20 NS NS
Histidine 87.90 89.58 90.57 1.11 0.10 NS
Arginine 91.10 91.74 91.81 0.74 NS NS
Valine 84.42 87.21 86.82 1.11 0.13 NS
Threonine 82.23 83.80 85.43 1.30 0.09 NS
Average 87.26 89.36 89.08 0.84 0.13 NS
Apparent total tract nutrient retention, % of dietary intake
Ca 18.27 10.58 18.77 4.48 NS NS
P -68.59 -81.40 -79.00 5.10 NS NS
N -18.07 -24.26 -19.60 4.60 NS NS
1Sixty hens were used in this EXP, ileal digesta was pooled for two hens on a 
common treatment, excreta was analyzed for the individual hen, ileal data are 
means of 10 replicates per treatment, excreta data are the means of 20 replicates 
per treatment. The experimental period was 10 d.
2aP = available phosphorus, FTU = One FTU of phytase activity; ADG = average 
daily gain; ADFI = average daily feed intake; G:F = gaimfeed.
3Contrasts were not significantly different, P = 0.15.
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but not when peanut meal was the supplemental protein source. However, Biehl 
and Baker reported only numeric increases in amino acid digestibility when 
cecectomized roosters were fed soybean meal containing phytase. In work with 
broilers, Ravindran et al. (1999) reported increased amino acid digestibility in nine 
common feedstuffs, including rice polishings, with phytase addition. In previous 
research from our laboratory (Johnston et al., 2000), reduction of Ca and aP, 
phytase addition, or the combination of the two was shown to increase amino acid 
digestibility in com-soybean meal diets for pigs. In EXP 1 reducing Ca and aP 
concentration had no effect on amino acid digestibility, while phytase addition 
without reduction of Ca and aP increased digestibility of His. Apparent digestibility 
of Lys, lie, and Leu as well as the average of the AA tested were increased when 
phytase addition was combined with reduction of Ca and aP. In EXP 2, phytase 
addition to the diet linearly increased apparent ileal digestibility of Thr and His.
There was no effect of treatment (EXP 2) on the digestibility of the other AA.
Phosphorus retention, as a percentage of dietary P intake, was higher in 
broilers fed the diet with reduced P than the control diet. Under conditions of low 
dietary P intake, homeostatic mechanisms of the body increase absorption and 
retention of P resulting in the higher retention, as a percentage of dietary P intake 
(Allen and Wood, 1994). Phosphorus retention in diets with both adequate and 
reduced dietary Ca and aP concentrations were increased with phytase addition. 
This would be expected as phytase increases the availability of phytate P (Nelson et 
al., 1968; Swick and Ivey, 1990; Denbow et al., 1995). Calcium retention, as a 
percentage of dietary Ca, was not different in the test diets when compared to the 
control diet. This is in contrast to previous research (Johnston and Southern, 1999;
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Zhang et al., 2000) who reported increased Ca retention with addition of phytase to 
broiler diets.
In EXP 2 hens were losing weight and were in a negative N and P balance. 
There was no effect of phytase addition on retention of N, P, or Ca. Carlos and 
Edwards (1998) reported similar results, with no effect of phytase on P or Ca 
retention in hens in negative P balance.
In conclusion, reduction of Ca and aP concentrations showed no effect on 
amino acid digestibility, but addition of phytase to the diet adequate in Ca and aP 
increased the availability of His, while phytase addition to the diet with reduced Ca 
and aP increased the digestibility of Lys, lie, and Leu, as well as the average of the 
AA in corn-soybean meal diets for broilers. Reducing the concentration of aP and 
adding phytase increased digestibility of His and Thr in com-soybean meal-rice bran 
diets for laying hens.
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CHAPTER 7 
SUMMARY AND CONCLUSIONS
The purpose of these experiments was to determine the effect of phytase addition 
on nutrient availability in diets for swine and poultry. The first experiment (EXP) was 
conducted to determine if the decreased mix uniformity associated with post-pellet liquid 
application of phytase affected chick performance. Increasing phytase coefficient of 
variation (CV) had little effect on growth performance, whereas bone ash and breaking 
strength and Ca and P retention and excretion decreased only at the most extreme CV. 
The data from this EXP suggest that a phytase CV of between 34 and 69% is adequate 
to support optimum chick performance.
Seven EXP were conducted using slope ratio assays to determine the nutrient 
values that might be attributed to phytase addition to com-soybean meal diets for chicks. 
For chicks, nutrient values of 26% for Lysine, 25% for TSAA, and 46,000 kcal ME/kg of 
phytase could be used for phytase providing 600 FTU with an inclusion rate of 0.1%.
In pigs, improvements in feed efficiency and lean gain and increased fat indicate 
possible increases in energy and amino acid availability with phytase addition.
This result was supported by the results of a second EXP. In this EXP phytase addition 
to diets with adequate and reduced Ca and P concentrations, as well as simply reducing 
Ca and P, increased apparent ileal digestibility of amino acids, DM, energy, and N in 
com-soybean meal diets for pigs. Therefore, increased energy and AA digestibility may 
account for the responses in the first EXP. In EXP conducted in chicks, broilers, and 
laying hens, the effect o f phytase on the individual amino acids varied; however, there 
was an overall tendency for improved amino acid digestibility with phytase addition.
The result of the first experiment suggests that performance of chicks will be 
maintained at the degree of mix uniformity provided by post-pellet liquid application of
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phytase. The remaining experiments indicate that, in addition to phosphorus and 
calcium, phytase addition to the diet increases amino acid and energy availability in diets 
for poultry and swine.
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